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Ab5lraCl 
ABSTRACT 
RemO\'ul of ammonia from wastewater is one of the problematic issues in wastewater 
treatment because ni tri ficrs are very s lO\\ growing and can be washed out from activated 
ludge processes . There is a need to use higher advanced techniques to retain biomasu. 
mong these techniques is ce l l  immobi l ization in appropriate reactor environments. Ce l l  
immobi l i zation technology can be approached by various methods, inc luding ce l l  
entrapment or biofi lms .  However, these i mmobi l izat ion techniques are often accompanied 
by challenges in  terms of biomass activity preservation and recovery fol lowing the 
immob i l izat ion treatment, reduction of nutrients mass transfer rates, adequate performance 
under shock s ituations and preservation of structural and mechanical integrity of the 
support materia l .  
Our  l i terature review revealed that important i ssues l ike, the effect of support matrix 
composit ion on nitr ificat ion performance was not addressed adequately, and the effect of 
pH shock and load shock to immobil ized systems were not quantitatively investigated. 
Hence. i t  was decided to make these i ssues prime objectives of this investigation. I n  
addition. the effect of  ini t ial ammonia concentrat ion on  nitrification perfonnance was 
studeid .  
In  this i nvestigation, immobi l ization of Nitrosomonas ce l l s  was carried out using various 
methods that i nc lude entrapment i n  support matrices and surface biofilms, in  order to 
evaluate the potential of this technology in  l arge-scale wastewater treatment appl ications. 
Support material considered for entrapment in this work inc luded alginate gels and 
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Abstract 
ABSTRACT 
Removal of  ammonia from \\ astewater i s  one of  the problematic issues in wastewater 
treatment because ni tri fiers are very slow gro\\ ing and can be \-vashed out from activated 
l udge processes. There a need to use higher advanced techniques to retain biomass. 
mong these techniques is cell immobil ization in appropriate reactor environments. Cel l  
immobi l ization technology can be approached by various methods, including ce l l  
entrapment or biofi lms .  Ho\vever, these immobil izat ion teclmiques are often accompanied 
by chal lenges in terms of biomass activity preservation and recovery fol lowing the 
immobi l ization treatment. reduction of nutrients mass transfer rates, adequate performance 
under shock situations and preservation of structural and mechanical integrity of the 
support materia l .  
Our l iterature review revealed that important issues l ike, the effect of support matrix 
composition on nitrification performance was not addressed adequately, and the effect of 
pH shock and load shock to immobil ized systems were not quantitatively i nvestigated. 
Hence, i t  was decided to make these issues prime objectives of this i nvestigation. I n  
addition. the effect of init ial ammonia concentration on nitrification performance was 
studeid.  
In this i nvestigation, immobili zation of Nitrosomonas cel ls was carried out using various 
methods that include entrapment i n  support matrices and surface biofi lms,  in  order to 
evaluate the potential of this teclmology i n  large-scale wastewater treatment appl ications. 
Support material considered for entrapment in this work included alginate gels and 
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Poly-v inyl alcohol (PV A). Materials considered [or biofi lm gro\vth inc luded avai lable 
natural and synthetic particles. 
The results from the biofi lm growtll experiments suggested that the part ic les considered in 
this work were not suitable for XilrosolJlonas cel ls .  On the other hand, the results of 
entrapment experiments suggested that out of the three PV A compos itions considered in 
this  work ( l 0%, 1 5°'0 and 20%), the 1 0% PV A gave the best overa l l  results . This was 
ascertained by nitrite l iberation rates and SEM imagery. In addi tion, the init ial ammonia 
concentration of 1 00 ppm that i s  used in  bacterial reactivation gave the best overal l 
nitrification results . 
This i nvestigation has c learly shown the posit ive potential of immobi l ized Nitrosomonas 
cel l for nitrification in wastewater treatment appl ications. In addit ion to biomass retention, 
which is a prime objective of immobi l ization, addi tional benefits were attained. These 
inc luded a resistance to pH and load shock and the abi l ity to sustain n i trification even at 
h igh ammonia concentrations. 
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Chapter I: Introducllon 
1 . 1 .  Ove rv i ew 
I n  modern soc ieties, proper management of  wastewater became a necessi ty and not 
omething luxurious or an option. Ever) community needs to treat its wastewater because 
of the serious health problems it can cause . Although this may seem obvious, untreated 
wastewater is st i l l  the root cause of much environmental damage and human i l lness, 
m i ser) , and death around the world .  The publ ic health consequences of poor or no 
wastewater management made it impossible to deny the importance of proper and 
complete wastewater treatment. Wastewater treatment gained its necessity after the 
exhaustion of the sel f-purification capac ity of the water receiving bodies. I n  the last 30-40 
years, major and significant advances have been made in understanding and developing 
wastewater treatment systems and the main processes have been formulated and quantified. 
Wastewaters are usua l ly  c lassified as industrial wastewater or municipal wastewater 
(sewage) .  I ndustrial wastewaters vary greatly  in thei r  composit ion depending on the type 
of i ndustry and consequently treatment processes for each type wi l l  vary. 
Wastewater treatment consists of a combination of processes used in steps to remove, k i l l  
o r  inactivate a large portion o f  the pol lutants and disease-causing organisms in  wastewater. 
Most treatment methods inc lude a pre l im inary step in which the sol id materials are fil tered 
out or a l lowed to sett l e  and separate from the rest of the wastewater. Helpful  bacteria grow 
natura l ly in the sol ids or s ludge, which provide some init ia l  treatment for the s ludge and 
the wastewater that encounters i t .  
The wastewater receives further treatment often through a combination of fi ltration, 
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biological and chemical processes. Liquids are often stored for a period of time to al low 
further sett l ing and bacterial treatment. The s ludge is  then treated further by applying l ime 
or chemicals, air-dry ing. heat drying, or composting. For final d isposaL it is burned, buried 
in landfi l ls .  Llsed as commercial fert i l i zer, spread on forested land, or disposed of in the 
ocean. 
The usual composition of munic ipal wastewater includes suspended so l ids, biodegradable 
organics,  pathogens, nutrients e ither nitrogenoLls or phosphorous based, heavy metals and 
d issolyed inorganic sol ids .  Each of these constituents has its spec ific processes of removal .  
Because o f  inadequate wastewater treatment. excessive amounts o f  the nutrients nitrogen 
and phosphorus sometimes invade water sources causing algae blooms. Algae blooms are 
dangerous to fish because they use a lot of the oxygen i n  the water. They can also have a 
strong. objectionable smel l  and can affect the taste of water. A lso too much nitrogen in 
water can also be dangerous for humans. I t  is the cause of methemoglobinaem ia, or blue 
baby syndrome, a condition that prevents the normal uptake of oxygen in  the blood of 
young babies. Excess nutrients in coastal waters may a lso be related to certain  "red t ides, "  
which k i l l  fish and other aquatic l i fe and can cause she l lfish poisonings and certain 
respiratory i l l nesses in humans. 
i trogen is present in the majority of wastewater streams,  inc lud ing municipal and 
i ndustrial wastewaters, and in  storm water runoff, especial ly from urban and agricultural 
areas. Storm waters, however, are usua l ly  h igh ly d iffuse in source and i rregular in flow 
rate, and thus are not usua l ly amenable to direct biological treatment .  
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The major forms of nitrogen in munic ipal wastev,:aters are ammonia and organic ni trogen 
such as proteins and am ino ac ids that a lso yield ammonia on biodegradation, fert i l izer 
appl ications may lead to presence of ni trates in agricul tural runoff. Some problems that 
arise from ni trogen in wastewater effluents are given belo\\ . 
1 .  Ammonia is toxic to aquatic organisms, espec ia l ly the h igher forms such as fish, at 
concentrations as low as 0 . 5  mg/1 . Because molecular NH3, the form responsible for 
tox ic effects, predominates at high pH, ammonia toxic i ty is most severe where 
conditions, such as discharge of a lka l ine wastewaters, or rapid photosynthesis  
l eading to depletion of bicarbonates, result in pH elevation. 
2 .  Ni trification, the oxidation of ammonia to nitrate, in the rece iving water can exert a 
ignificant oxygen demand. As the total nitrogenous oxygen demand (which in  raw 
wastewater can approach the carbonaceous oxygen demand) may be l itt le reduced 
by non-nitrifying treatment plants, n i trification can severe ly  deplete the d i ssolved 
oxygen resources of surface waters. 
3. N itrification in treatment plants, receiving streams, or soi l s  of effluent i rrigation 
areas, can give rise to high n itrate concentrations in surface waters or ground 
waters. Where such waters are used for drinking water suppl ies, these high n itrate 
levels can cause i nfant methemoglobinaemi a, if the water is used in preparing 
powdered mi lk formulae for infants up to the age of 6 months . Up to this age, 
i nfants have an i ncompletely  developed digestive system and accumulate n itrite 
ions that enter the blood stream and block the hemoglobin. This prevents oxygen 
transport by the blood and the infant in effect suffocates. To combat this problem 
many authorities l imi t  nitrate n i trogen in drink ing waters to 1 0  mg/l 
4. N itrogen is an essentia l  plant nutrient, so that i ncreased n itrogen loads can 
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- t imulate the gro\,vth of aquatic plants and algae . wel l  as such gro\\1hs being 
unaesthetic, they exert a high oxygen demand during the ni ght leading to large 
diurnal fluctuations in dissoh'ed oxygen to the detriment of other l i fe forms . 
easonal death and decay o f large masses of such plants and algae may also lead. in 
xtreme cases. to local exhaust ion of Dissolved Oxygen (DO) and severe odor 
problem 
5 .  Ammonia i n  waters used for water supply  increases the chlorine dosage required to 
achieve a free chlorine residual in dis infection. To achieve chlorination beyond the 
breakpoint requires about 7 - 1 0  mg/l of chlorine for each 1 mg/l of nitrogen present 
[ I I  
1 .2 .  T h e  N i trogen Cyc l e  
i trogen is  an  essential nutrient for biological growth, nonnal ly  compris ing about 1 2- 1 4% 
of the mass of ce l l  protein .  I ts avai labi l i ty to any particular type of organism, however, 
depends on the chemical fonn in which it is present. Forms of nitrogen in the environment 
range from organic and arnmoniwn nitrogen (oxidation state minus 3) ,  through n itrogen 
gas (zero), to n itrite (pl us 3) and nitrate (plus 5 ) .  
Transformations from one oxidation state to  another are brought about in  the environment 
by l iv ing organisms. Relationships between these various nitrogen forms and 
transformations are often conveniently expressed as the Nitrogen Cycle ,  F igure ( l . 1 ) . The 
abundant nitrogen gas in the atmosphere provides a reservoi r  from which nitrogen is  
removed natura l ly  by e lectrical d ischarge and nitrogen-fixing organisms, and art ificia l ly in  
the manufacture of chemicals, including fert i l izers . 
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Princ ipal biological transformation are fixation. deamination (ammonification). 
ass imi lation. ni tri fication and deni tri fication. Each i nvolves a part icular set of organisms 
(princ ipa l ly microorganisms) and resul ts in a net gain or loss of energy, which is  an 
important factor in determ ining the type of reaction that occurs .  
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Figure ( 1 . 1 ) : Nitrogen cycle with reference to nitrogen control in  wastewater treatment [ I I .  
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1 .3 .  N i t ro g e n  Con t r o l  a n d R e m ova l 
The object i\'c of nitrogen control is to ensure that nitrogen appears in wastewater effluent 
in the desi red form and concentrat ion. The selection of the nitrogen removal method i 
dependent on some factors l i ke the form and concentration of nitrogen in the wastewater, 
the required concentration in efiluent water and the previoLls and later processes in the 
treatment plant, cost of treatment and re l iabi l i ty of the method chosen . Where nitrogen 
removal is required, it is necessary to ensure that ni trogen is present in a form suitable for 
the removal process to be employed . 
Physical and chemical processes or biological methods can achieve adequate removal of 
nitrogen .  The main chemical methods are air stripping, breakpoint chlor ination and 
selective ion exchange . 
1 .4.  M e thods o f  N i t rogen Re m ov a l  
1 .4 . 1 .  Air  Str ipping 
Air stripping of ammonia necessi tates the presence of ammonia in  the molecular form, 
NH3 . The solubi l ity of ammonia in water depends on the gaseous partial pressure of NH3 
gas adj acent to the water. The transfer of ammonia to a gaseous form is more efficient 
when the pH l i es in the range 1 0 . 5  to 1 1 . 5 ,  which can be reached by adding alka l i ne 
substance l ike l ime .  However, the air stripping process is accompanied with many 
problems l ike ca lc ium carbonate scal ing in the air-stripping tower. I n  addition, the 
maintenance and operating costs are quite high. Nitrogen present as n i trite or n itrate i s  
neither affected nor removed by th is  method. 
7 
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1 . 4 . 2 .  B rea k p o i n t  Ch lori n a t ion  
This method is  used when the nitrogen present in  the wastewater is mainl y in  the form o[ 
H4 T. The process in\ 'olves addition of ch lorinating agent as an oxidizing agent to oxidize 
the ammonia-nitrogen to reach the neutral form n itrogen gas . This removal method ha 
ome advantages as wel l  as some drawbacks .  Among the advantages is the total removal 
of ammonia, regard less of the ammonia level present in the wastewater besides perfonn ing 
the d is infection of wastewater at the same time. However, the drawbacks of this process 
are the necessity of other treatments in order to remove excess chlorine (dechlorination), 
and the absence of any effect to other nitrogen forms (nitrite and nitrate) exactly as air 
tripping, beside the high cost of chlorination espec ia l ly when chlorine-demanding 
ubstances are present in the wastewater. 
1 .4 .3 .  Selective I on Exchange 
Thi s  process comprises a column of an ion exchange resin  usual ly c l inopt i lo l i te and the 
wastewater contain ing ammonium ions is passed over this column. C l i nopt iol i te i s  a 
natural occurring zeol ite, which  is highly selective for ammonium ions. Removal 
efficiencies reaching 90-97% can be attained using this method, but as the two fore 
mentioned methods, n itrite and nitrate n itrogen present is not affected. 
1 .5 .  B i o logica l N i trifi cat i on  - D e n i trificat ion  
This process consists of  two overa l l  steps. The first step is the oxidation of ammonia to  
n itrate and is cal led n itrification. This  step involves the oxidation of ammonia to  nitrite by 
a group of chemoautrophic bacteria. Then the ni trite is further oxidized to nitrate by 
another group of chemoautrophic bacteria. The second step is  the conversion of nitrate to 
nitrogen gas, and i t  is cal led denitrification. Previous research and i nvesti gations have 
8 
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focused on achieving faster and more econom ical ly effic ient nitrification-denitrification 
process b) shortening the nitri fication step or by combining the two steps in the same 
reactor environment. 
1 he present research has focused mainly on the first step of this process and speci fi ca l ly  
on the oxidation o f  ammonia to nitrite, which i s  considered the rate-determining step, as 
\\'i l l  be discussed in deta i l s  in the com ing sections of this thesis .  
1 .6. Bi ologica l N i t r i fi c a t i o n  
mmonia is oxidized to  nitrate in the environment and in  biological wastewater treatment 
by two groups of chemoautotrophic bacteria that operate in sequence. The first group of 
bacteria in  this process of nitrification, represented princ ipa l ly  by members of the genus 
itrosomonas oxidize ammonia to ni trite which is then further oxidized to nitrate by the 
second group, usua l ly  represented by members of the genus Nitrobacter. These oxidations 
can be represented as 12 1 
NltrooaCler ) NO� + energy 
(240 - 350  kJ) ( 1 . 1 )  
(65 - 90 kJ) ( 1 .2) 
The energy released in  these reactions i s  used by the ni trifying organisms i n  synthes izing 
their organic requirements from i norganic carbon sources such as carbon dioxide, 
bicarbonate and carbonate. Nitrification is  therefore c losely  associated with the growth of 
the nitrifying bacteria .  To distinguish the component reactions from the overa l l  nitrification 
process, Equat ions ( 1 . 1  & 1 . 2) have been given several names; N itrit ion, N itrozation, 
Nitri tification for the first step and Nitration, Ni tratation, N itrat ification for the second step 
13 1 
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Ammonia oxidation IS carried out principal ly b) organisms oC the genera Nilrosomona 
europaea and N. monoalla) and ,Virrosococcus, although other spec ies that have been 
isolated from soi ls are Nilrosolobulw II/ulli(orll/is and Silrosospll"CI briensl ' I� I 
,VilroSOI1l0I1(1.L espec ial ! )  X europaea. ha\ e been the spec ies most commonly isolated 
from \\ aste\\atcr treatment em ironments and ha\e been studied in greatest detai l ,  to the 
extent that in much of the l i terature the generic tenn Nilrosomonas has been used as an a l l ­
embracing term for ammonia oxidizeL. 
i trite ox idation is affected princ ipal ly by members of the genera Nilrobacler (N agili " 
and N. lI'inogradskyi) and Nifrosocysfis, although two obl igate marine nitrite oxidizers, 
Nilrosococcus mobilis and Nilrosospira gracilis, have also been isolated l .t l .  Nilrobacter 
have been the most extensively studied species, with N. agilis apparently being the specie 
most commonh encountered in  wastewater treatment systems l.t l . The term Nitrobacler has 
been �idely used for the ni trite oxidizers general ly .  
The biochemistry of ammonia oxidation is  rather more complex than indicated by equation 
( 1 . 1 ). i nvolving the formation of hydroxylamine and other unstable i ntermediates that have 
yet to be determined 1 2, 5, 6 1 , Oxygen is involved in ammonia oxidation not only by its 
oxidative role as shown by equation ( 1 . 1 )  but a lso by accepting e lectrons during electron 
transfer through the cytochrome system 16 1 , The init ia l  oxidation to hydroxylam ine, during 
which l i tt le  or no energy is  re leased, can be represented as [.t l : 
NH� + 0 .502 ------+ NH20H + H +  ( 1 .3)  
The subsequent oxidation of hydroxylamine to nitrite has been postu lated to be a 
semicycl i ca l  process i nvolving the cytochrome system and some of the nitrite product 16 1 , a 
reaction that has been summarized as 
1 0  
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, �H 201- I + � lr + NO� + H , energy ( l .4) 
The molecular oxygen in this reaction appears to be part ly  incorporated into the nitr i te 
[omled and part l)  used as electron acceptor. I t  is during this reac tion that the main energy 
re lease in ammonia oxidation occurs 16 1 . 
The sem ic)'c l ical mechanism in the ni trite formation step has been ignored in the l iterature. 
Few publ ications touched upon this point al though i t  is  so important to know how the 
process of ni trite formation proceeds . Nenov, et ai ,  [7 1  modeled the possible mechanisms of 
nitrite formation, in  their  i nvestigation, they defined first the possible complexes between 
bacteria/enzymes and reaction products. They also defined a l l  the possible reactions in the 
n i trite formation stage, these findings are tabulated here in tables ( 1 . 1  & 1 .2) .  
T a b le ( 1 . 1 ) : Possible complexes between the enzymes orland bacteria and the reaction 
products 
0 Symbol Complex a 
1 Xl Xo [NH20H] 
2 X2 Xc [NH3 ]  
3 X3 Xc [NHO] 
4 � Xo [N02--NHOH] 
5 Xs Xo [NH4
+] 
a Xo, enzyme orland bacteria concentration. 
1 1  
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a b le ( 1 . 2 ) :  Pos!Sible reaction !Steps in the nitri fication reaction 
1�0 React ion step 
I I : + 0 . 5 02 + X o  <=> X l  + I r  
") 
+ 2 II , + o + I-I , 
.., J I I ; + X o <=> X 2 + f l · 
4 2 + 0 . 5 0� <=> X l 
I + 0 . 5 0 2  <=> X ]  + 1I 2 
6 X 3  + 0 . 5 0 2  -t HN 02 + X o 
7 X 3  + IINO:! <=> X 4  
X 4  + 0 . 5 0 2  <=> 2HN02 + X o  
9 N H ;  + X o  <=> X s  
1 0  X s + 1 . 5 0 2  ---+ HN02 + H 2 0  + H +  + X o  
Then the researchers identi fied the possible pathways and mechanisms of the reaction 
teps, by ei ther one-route or two-route mechanisms.  More than 1 5  pathways have been 
i dentified.  
I n  the context of our investigation, the d i fferent routes through which the reaction proceeds 
do not carry great importance as much as the ident ification of i ntermediates involved i n  the 
reaction. This wi l l  help us i n  discussing the trends of nitrite l i berat ion i n  further sections 
No intermedi ate products have been found in the c ase of n itrite oxidation (4 1 , which can 
thus be adequately represented by equation ( 1 .2) .  It has been shown, however, that i n  this 
reaction the additional oxygen atom incorporated i nto the nitrate is derived from water, 
with the molecular oxygen acting as the terminal e lectron acceptor (5, 6 1 . Because the net 
energy produced in nitrite oxidation is so m uch less than that produced in ammonia 
1 2 
oxidation. the cel l  yield for Nilrobacler is less than that of l'/ilrosol11onas, for each unit of 
nitrogcn oxid l lcd. For this reason. NilroS'OlI1onas are expected (0 exist in  greater number 
than Nilrohacler in nitrif) ing em ironment l though this has not been confi rmed 1 11 
\\'astc\\ utcr treatment 5) stems i t  has bcen rcported to be the case in ri\ er water 15 1 . 
Both NilrOS0l1101l0S and J\'ilrobacler are obli gate aerobes for growth on their respect ive 
forms of substrate nitrogen . However. absence of oxygen for long periods is not lethal 1 2 1 , 
and in the absence of substrate the rate o f  dec l ine in respiration rate is considerably slower 
under anaerobic than under aerobic conditions. In the absence of oxygen, Nitrobacfer is 
able to reduce nitrate to ni trite 15 1 in a reaction which is the reverse of equation 1 .4 An 
enzyme which is  capable of catalyzing the reduction of nitrite in the presence of 
hydroxylamine has also been isolated from Nifrosomonas 15 1 and non-enzymatic conversion 
of one o f  the intennediates between hydroxylamine and nitrite to nitrous oxide has been 
noted under anaerobic conditions 15 1 . 
I n  addition to the autotrophic nitrifiers, m any heterotrophic organisms are capable of 
oxidizing ammonia. On the contrary to autotrophs, which carry out these oxidations 111 
proportion to cel l growth, heterotrophic nitrification has been shown to be independent o f  
cel l  yield,  most of the products of heterotrophic nitrification being formed during the 
stationary growth phase [6 1 . A lthough heterotrophic nitrification has been proved in soi ls ,  
sewage treatment, rivers and l ake waters 1 4 1 , autotrophic nitri fication has been estimated to 
be over ten t imes more significant in  natural system s  [6 1 . Moreover, nitrification is 
completely i nhibited when substances which are selectively  inhibi tory to autotrophic 
nitrifiers are added to soil and activated sludge 14 1 , i ndicating that autotrophic n itrification 
i s  the m ajor fonn i n  such systems.  
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1 . 7 .  C h e m i c a l S pec ies I n v o l v e d  I n  B io l o g i c a l  N i t ri fi ca t ion  
lany i l1 \ estH!,ations tried to explain the mechanism of the ammonia/am monium oxidation ' � 
and these i l1\  estigations although agreed in man) aspects but there are sti l l  some 
di fferences between them. for example J ianlong. et a l .  18 1 postul ated that ammonia (NH3) 
and not ammonium (NH4 ) is used as substrate,  and the am mon ia/am monium ratio ma) 
therefore aiTect gro\\ lh.  
:21 r + T\H 3 + 2 + U ,  ------7 NI l 2 0I l  + H 2 0  ( 1 . 5 )  
H lOH + H � 0 ------7 HN02 + 4 H +  + 4e- ( 1 .6)  
He also mentioned that the oxi dation of NH3 to N02' by ammonia oxidizing bacteria 
proceeds \ ia  hydroxylam ine. Ammonia monooxygenase (AMO) c atalyzes the oxidation o f  
H3 t o  N H 2 0 H ,  and hydroxylam i ne oxidoreductase (HAO) catalyzes the oxidation of 
NH;!OH to N02-. Two of the electrons produced in the second reaction are used to 
compensate for the e lectron input of the first reaction, whereas the other two are passed via 
an e lectron transport chain to the termi nal  oxidase. 
2 H +  + 0 .502 + 2e' ------7 H 2 0  
and the overa l l  reaction w i l l  be 
2NH3 + 3 02 ------7 2HN02 + 2H 2 0  
and the nitrite oxidation proceeds as fol lows 
0; + 0 .502 ------7 NO� 
eno\', et aI, 17 1  stated that m any i ntermediates (complexes) do appear i n  the nitri fication 
process in which two reagents (NH3 & O2) and three reaction products (N02-, H+ & H20) 
are involved. These i ntermediates are hydroxyl amine NH20H, nitroxyl NHO, n itrogen 
dioxide N02, nitro hydroxylam ine N02.NHOH . A l l  of these i ntermediates are present 
conj ugated with certai n  enzyme or bacterial site at every moment of the reaction. 
1 4  
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1 .8 .  N i t r i fi e r  row t h  
1 he  growth of ni tri fying bacteria i s  \ er) s lo\\ compared with that of heterotrophic 
organ isms and the yie ld of cel ls per unit of energ) substrate oxidized is 10\\'. As autotroph�. 
the n i tri fi ers also require inorgan ic  carbon for synthesis of organic ce l l  materia l .  The major 
part or the energ) acquired [rom inorganic nitrogen oxidation is directed to the reduction o[ 
carbon d Iox Ide to orgalll c  forms. Hagopian, et ai ,  19 1 assured that the speci fic growth rate of 
nitrify ing bacteria is uncommonly slow and that the energy produced has a low yield. He 
also added that a doubl ing time of 7-8 hrs is possible under ideal cond it ions 19 1 . Other 
investigations that are more l ikely to resemble the rea l i ty resulted in higher doubl ing time 
data . For instance, doubl ing t ime was about 26 hrs for Nitrosomonas and 60 hrs for 
l\"itrobacter 19. 1 0 1 . High doubl ing times l i ke these is the key factor for the occurrence of 
washout of biomass i n  n itrification continuous processes using free ce l l s .  
On the assumption that the gross composition o[ Nitrosomonas and Nitrobacter can be 
represented as CsH7N02, the stoichiometry of ce l l  growth has been represented as 15 1 : 
l SCO, + 1 3NH;  ----+ 1 0NO; + 3CsH7N02 + 23H + + 4H 20 
Nitrosomonas 
SCO} + NH; + 1 ONO; + 2H 20 ----+ 1 ONO� + CsH7N02 + H +  
itrobacler 
( 1 . 7) 
( 1 . 8) 
A lthough carbon dioxide is  represented as the inorganic carbon source, i t  exists i n  aqueous 
systems in equ i l ibrium with other species according to the equations : 
CO2 +H20 ¢:::> H2C03 ¢:::> H+ + HC03' ( 1 .9) 
Hydrogen ions produced in  Equations ( 1 . 1 , 1 . 7 & 1 . 8) react with bicarbonate according to 
equation ( 1 .9) which may therefore be incorporated i nto these three equations to g ive : 
1 5  
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JI-I ; + 1 . 5C02 + 21 ICO) � NO; + 2 HlC01  + II z O  + energy (240 - 3 50kJ) ( 1 . 1 0 
1 3i':}·r ; + 23 I 1C 03 � 8 I I 2C01 + 1 0NO + 3C JL NO, + 1 9I I ,O ( 1 . 1 1 ) 
H; + 1 0�0 + 4J[ ,CO\ + HCO, � l ONO, + CSH 7 N02 + 3 1 I  0 ( 1 . 1 2 
I ncc the energ) produced in equation ( 1 . 1 0) is used in the ce l l  S) nthes is reaction, equation 
( 1 . 1 1 ) , the t\\'o can be combined. assuming a Ni{rosomonas cel l  yield of 0. 1 5  g VSS (g 
H.j -t _N)" l .  1 1 1 , 1 2 1 to gi\ e :  
55NH; + 7602 + 1 09 HCO� C s H ,N02 + 54NO; + 1 04 H 2C03 + 57H20 ( 1 . 1 3 ) 
ilrosomona 
im i l aJly, equations ( 1 .2 & 1 . 1 2) can be combined, assuming a Ni{robaCfer ce l l  yield of 
O.OL g (g NO:!- -Nr l oxidized, to give : 
400NO; + NH; + 4 H zC03 + HCO� + 1 9502 � C s H 7 N02 + 400NO� + 3 H 20 ( 1 . 1 4) 
itrobacter 
The combination of 1 . 1 3  & l . 1 4  gives the overa l l  reaction for ni trifier synthesis . 
H; + 1 . 8302 + 1 .98HCO�  0.02 1 CS H 7N02 + 0 .98NO� + 1 . 88H2CO) + 1 .04 1 H 20 
( 1 . 1 5) 
Equation ( 1 . 1 5) emphasizes three important factors affecting nitrification in wastewater 
treatment p lants 19 1 : 
• The very low cel l yield per unit of ammonium n itrogen oxidized. 
• The high necessity for oxygen in  nitrification, reaching to approximately  4.2 g 
oxygen for each g NI-lt + -N removed 1 1 1 . 
• The continuous need for a source of a lkal inity to buffer the system against 
hydrogen ions produced during nitrification, approaching 7 g alkal i ni ty 
approximately for each g NHt + -N oxidized 1 9 1 . 
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I tr i fi cat ion i s  subject t o  inhibition by a \\ ide variety o f  variables and factors. reaction 
ubstrates. reactIon products. p I  L dissoh ed oxygen. temperature. organic and inorgani 
chemicals .  In this sect ion. we \\i l l  try to describe \\ hat the favorable and optimum reaction 
conditions arc, and \\ e \\ i l l  try to shed a l ight on the effect of deficienc) or excess of each 
of the aforement ioned factoL. 
1 .9. 1 .  E ffect of Tem pera ture 
i trification is  greatly influenced by temperature 12, s, 6, I I I  with both the grovvth rates and 
aturation constants bei ng affected. The optimal temperature for nitrification has usual ly 
been reported to l ie in the range 30-36 °e, with an overa l l  range of approximately 4-50 °e 
over \\ h ich gro\\1h of various species of nitr ifying bacteria can occur 12, 6 1 In  their 
investigation. Grundi tz, et aI , ( l J I stated that the highest activity was found at 35  °e for 
Xitrosomonas and 38  °e for Nitrobacter. Thi s  i s  c lear ly shown in F igure ( 1 .2) .  
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Figure ( 1 .2) :  Effect of temperature on the activity of (a) Nitrosomonas, (b) Nitrobacter I I J I  
The temperature response of both Nitrosomonas and Nitrobacter has been found to fol low 
approximately the van 't Hoff-Arrhenius equation 1 7, 1 4 1 up to about 30 °e : 
f-LT = f-LI 5 e 
CT (T -15)  
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Where ).iT and ).iI S are the \ al ues of ).i (spcc ific  gro\\1h rate) at temperatures T °C and I '  " 
rcspect l \  e l )  and C r is the temperature constant (OC - I ) .  
\'alues of ).i\1 ranged from 0.47 d- I at 1 5  \\ ith Cr = 0.095 between 8 °C and 30 °c 1 11 river 
1 I .t I , to 0 1 8  d- I with CT = 0. 1 2  in ac t i\ ated s ludge. 1 hese \ a lues when compared to other 
results obtal l1CU from pure cultures \\ ith ).i�! values of 1 -3 d- I I I .t I , may be attributeu to 
di fferent complex nutri t ion path\\ ays in m ixed cultures than in pure cul tures. als 
micro inhibit ion by other m icroorganism' 1 1 5 1 
1 .9 .2 .  E ffect  o f  S u bstrate Concentrat ion 
Both Nifrosolllollas and Nitrobacter are sensit ive to high concentrat ions of their own 
ubstrate, and more sensitive to the substrate of each other 12, 5 1 . A review of many other 
tudies 1 5 1 has shown that Nilrosomonas is not inhibited by NH/ -N nitrogen concentration 
up to 1 00 mg, I , some studies indicate that h igher concentrations up to 1 000 mg/I may not 
be i nh ibi tory, whi le even at a concentration of 8000 mg/I some oxidation can proceed, at a 
very low rate 15• 1 6 1 . For Nitrobacter, in pure cul ture, however, concentrat ions of 8- 1 6  mg/I 
of ammonia nitrogen reportedly  increased the lag period, but only s l ightly decreased the 
grov"th rate 1 1 7 1 . 
itrite i s  reported in  one case to have an inh ibit ing effect on ni trification in a laboratory­
scale activated s ludge plant at a concentration as low as 1 0  mg/l 15 , 1 8 1 . In  batch and pure 
culture studies with Nitrosomonas, however, although toxic  effects were exhibited in the 
lag phase at 500 mg/l n itrite nitrogen, the organisms were not susceptible in the 
logarithmic growth phase [5 1 . At 1 400 mg/l N02--N about 40% i nhibi t ion has been reported 
whi le at 2500 mg/l inhibit ion varied from 50% to complete. In other studies, no inhibition 
occurred at 1 000 mg/l whi l e  even at 5000 mg/l there was only s l ight in i t ia l  inh ibit ion and 
1 8  
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in another ca<;e inhibi t ion was complete at 4200 mg/I 1 5 1 . For .\'itrobacter, 40<ro i nhibit ion 
was repor1ed at 1 400 mg. I 2--N I I I , whi le in another study some i nhibi t ion was reported 
at about 2000 mg/l 1 1 6 1 , the effect increasing \\ ith increasing concentration. This wide range 
of concentrat ions suggests that the concentrat ions of inorganic ni trogen Llsua l l )  present in  
\\'astc\\ uters in the range of 1 00 mg/l should not be by an) way inhibi tory. 
I nhibit ion of ni tri fication by free ammonia and free nitroLls ac id has also been widely and 
exclusi\el) studied .  I nh ibi tion of Nitrosomonas by free ammonia is more l ikely in the 
oncentrat ion range 1 0- 1 50 mg/I . However, Nitrobacter can be inh i  bited at lower level s  
0 . 1 - 1 mg/1 1 1 6 1 . This suggests that in wastewaters having h igh concentrations of NH/1NH3 ,  
acc umulat ion of nitrite may occur which in  turns can lead to  Nitrobacter inhibition by 
nitrous ac id at concentrat ions of 0.2-2 . 8  mg/I, thus decreasing the abi l ity of recovering the 
ful l  nitrificat ion proce��. 
In other i nvestigations, it has been reported that 1 -5 mg!l ofNH3 i nhibited nitrite oxidation 
(nitratation) but not ammonia oxidation (ni tritation) to accumulate n i trite. However, nitrite 
bui ld-up was not susta ined indefinitely due to the accl imation of the ni trite oxidizers to free 
ammonia (FA) 1 1 9 1 . Researchers found that certain concentrations of free ammonia (FA) 
inh ibited n itrite oxidation 1 1 6, 20 1 . A high concentration of FA (0 . 1 - 1 0 mg!l) inh ibited ni trite 
oxidation effectivel y  in the beg inn ing, result ing in an accumulation of nitrite. However, by 
t ime Nitrobacler i s  accl imated to FA to a concentration as high as 22 mg NH3-N/1 . 12 1 , 22 1 . 
I n  addit ion. some studies also suggested that free hydroxylamine (NH20H), an 
i ntermediate of ammoni a  oxidation, might be a key factor that caused inhibition to nitrite 
oxidation 123, 2-1 1 , 
1 9  
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I he presence of free ammonia or free ni trous ac id is also dependent on the pH and 
temperature I emperature effect has been mentioned earl ier and the pH effect \\ i l l  be 
considered 1 11 the n 
1 .9.3.  E ffec t  o f  D i�soh cd O �ygen ( DO )  
Dissolved oxygen a supreme requirement for growth of both Nilrosomonos and 
NilrobaCler. It has been \ er i fied that for pure cultures of both Nifrosolllot1as and 
Nitrobacfer 1 25 1 , as wel l  as in activated s ludge. the crit ical DO concentration be low \\ hich 
nitri fication does not occur is 0.2 mg. I ,  al though lower values have been reported for 
manne species 1 1 1 1 . By contrast, to the inhibitory effects to their ni trogen substrates. the 
nitrifiers do not exhibit any i nhibition at high DO concentrations; DO leve ls up to 60 mg/I 
produced no effect, in studies using pure oxygen in  a n itri fying fi l ter 1 5 1 . 
Ruiz, et aL 1 16 1 in their research found that nitrification was not affected by DO from 5 . 7  to 
1 .  7 mg/I, but at a DO of 1 .4 mg/I nitrite accumulation took place and i ncreased whi le the 
DO concentration decreased but did not affect the overa l l  ammonia conversion. Maximum 
nitrite accumulat ion, within the values of DO studied. occurred at a DO concentration of 
0.7 mglL. At a DO of 0.5 mglL ammonia conversion is affected which means that 
ammonia accumulation takes place .  l ianlong et ai, 127 ] results showed that speci fic 
ammonia  oxidation rates increased as DO increased from 0.5  to 1 . 5 mg/l  
1 .9.4.  E ffect of  p H  
Hydrogen ion concentration has been shown i n  many studies to be a s ignificant factor in  
n i trification, the opt imum pH l ies in  the range 7 . 5  to  8 .5  for both Nitrosomonas and 
itrobacter ( 2, 5, I S ] ,  although some studies indicate optimum values which extend outside 
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this range Fc\\ studlcs rcport results obtained for paral le l  cul tures gro\\ll at different pH 
valucs Most studies ha\ e Simply determined the shOJi-tenn effect of various pH \ a lues on 
the rate of oXidation of substrate nitrogen, using cultures of pre-gro\\ 11 cel l s, but these 
stud ies did not take into account the abil l t) of nitri fiers to adapt to these changes in the 
reaction em i ronment 
Ruiz, et aL 126 /  stated that over a wide range of pH it is possible to achieve complete 
nitrification (between pH 6.45 and 8 .95), whi le at pH lower than 6 .45 and above 8 .95 
nitrification suddenl} fe l l  and complete inhibit ion of both ammonia oxidizing 
Nitrosomol1os) and nitrite oxidizing (Nilrobacfer) bacteria took place. J ianlong, et ai , /27 / 
tudied the effect of both pH and DO on the ammonia oxidation rate. Thei r  results showed 
that a maximum ammonia oxidation rate was attained at pH 8 as shown in F igure ( 1 . 3 ) .  
0. 1 6  
0. 1 2  
:5.. 0.08 
... ./ 
0.04 
0 
6 7 
· 00 0.5 
8 9 1 0  
pH 
• DO 1 5  • DO":!.5 
Figu re ( 1 .3) :  Effect of pH on Ka (Maximum ammonia oxidation rate) [ 27 1  
In  another investigation, Grundi tz, et aI ,  / 1 3 1 studied the opt imum activity of both ammonia 
and nitrite oxidizi ng bacteria  with respect to pH and the results were 8 . 1 for Nitrosomonas 
and 7.9 for Nitrobacter as shown in  Figure ( 1 .4) .  
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ne of the factors contributing to the effect of pH is  i ts influence on the concentration of 
the unionized forms of the substrate nitrogen, free ammonia and free nitrous acid .  
1 .9.5. E ffects of  Toxic & I n h ibitory S u bsta n ce 
.\'itroso/J1onGs spec ies genera l ly are being more susceptible than Ni(robacter. Among the 
fac tors that have been found to affect the degree of inh ibition by any given i nh ibitor are the 
presence of other microorganisms, the concentration of the i nhib i tor. the concentration of 
the nitr ifiers. and the form and exposure time to the inhibi tor IS, 1 8 1 . 
Inh ib i tors act i n  two ways, e i ther they interfere with the general metabol ism of the cel l  or 
they d isrupt the primary oxidation reactions. Although many organic compounds are 
inhibitory to nitrifiers, especia l ly  Nitrosomonas, it now seems to be accepted that organic 
matter in general i s  not d i rectly inhibitory to nitrification [2 , 4 1 . Compounds such as glucose, 
glycerol and acetate were not found to be toxic to Nitrosomonas a lthough peptone at 
concentrations of 1 and 1 0  mg/l reduced growth rate by 25% and 60%, respectivel y  12 , 281 . 
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I n  activated s ludge processes, oxygen deficlenc) b) the action of heterotrophs on organic 
matter is genera l ! )  considered inhibitory / 2 .  s.  29 1 . Other tests on the effects of settled sewage 
(of  substantia l ly domestic orig in) on nitrate production by a stock culture of nitri fying 
baclena c learly indicated that organic matter I II the sewage did not afTect the activity of the 
ni tri fi ers (191 . Compounds contain ing nitrogen and sulphur are among the most tox ic,  such 
as thiourea, C) anide, phenols  and ani l i ne .  Many of these compounds are considerably more 
tox ic  to ,\ ltrvWIIIOI1(1S than to XitrobaCler, and in general arc more tox ic to the first-step 
ox idation of ammonia to hydrox) lam ine than to the subsequent oxidation to nitri te ( 1 8 1 . 
Another group of compounds is  more toxic to Nitrobacter than to Nitrosornonas, notably 
potassium chlorate, sodium cyanate, hydrazine sulphate and sodium azide ( 1 8 1 . 
The most sign i fi cant group of inorganic inhibitors i s  the heavy metals. I nhibit ion varies, 
however, according to the state and concentration of the culture . Copper, for i nstance, 
completely i nhibited growth of Nitrosomonas from a smal l i noculum at 0. 1 -0. 5 mgtl ( 1 51 
but in  a heavy pre-formed cu lture only caused 75% inhibit ion at 4 mgtl ( 1 8 1 . I n  activated 
s ludge, approximately 50 t imes this concentration was required, probably due to the 
complexi ng of copper with organic matter in the s ludge and sewage ( 1 8 1 . Other heavy 
meta ls ,  l isted in descending order of toxic i ty are s i lver, mercury, nickel ,  chromium and 
zinc l.tl. The effects of mercury and chromium genera l ly  resemble the pattern for copper 
( 1 8 1 
I n  wastewater treatment plants, this wide range of i nh ibitors may be present, at highly 
variable concentrations and i rregular frequenc ies. Occasional halts at municipal wastewater 
treatment p lants are a lways expected. Hence, the effects of inhibit ion on the growth rate of 
the nitrifiers must be taken i nto account in the design of treatment p lants and proper 
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engineering process to maintain h igh biomass content. 
1 .9.6.  E ffec ts  of O t h e r  Fac tor  
I tri fying bacteria can be photoinhibited IJO I . Se\'eral studies ha\'e indicated that l ight may 
inhibit the activity of  ni tri fying bacteria .  bJ 20- 1 00% in the case of XlfrVSoJ110llas and by 
33% in the case or Xlfrobacfer 12 . 5 1 . 
Among the other factors i s  the tendency of  gett ing attached to sol id surfaces. it has been 
hown that attaclunent of the slow growing nitri fiers to the biomass general ly is an 
essentia l  condit ion for retaining these organisms in the system l l l . 
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1 . 1 0. E n Q i nee ri n g  P rocesses fo r N i t r i fi ca t i o n  
itri fication can be achie\ ed in an) aerobic biological process a t  lo\\' organ ic loadings and 
\\ here suitable em ironmental conditions are provided. Nitri f) ing bacteria are s lower 
growing than the heterotrophic bac teria. \\ hich comprise the greater proport ion of the 
biomass in both J1:\ed [j I m  and suspended growth s) stems.  The key requirement for 
nitrification to occur, therefore, is that the process should be h ighly control led that the net 
rate of accumulation of biomass, and hence the net rate of withdrawal of biomass from the 
ystem. is less than the gro\vth rate of the nitrifying bac teria .  If biomass growth rate 
exceeds n i tr ifier gro\\1h rate, the proportion of nitrifiers in the biomass wi l l  gradual ly 
decl ine w1ti l n itri fication is  lost entire ly, a condition known as "washout" I I I . The net 
biomass gro\\1h rate can be reduced by reducing the organic loading rate per unit biomass 
(the FIi\.1 ratio) I I I . This  usual ly  requires increased plant capacity, and hence capital cost, 
over that required for carbonaceous oxidation alone. 
Ni trifier growth rate can be maximized by providing optimum values of the environmental 
fac tors, dissolved oxygen concentration (DO), pH and temperature, whi le  toxic  compounds 
should not be present in toxic concentrations. Control of both DO and pH is relatively 
s imple, but at h igher capital and operati ng costs than for carbonaceous oxidation. Ni trifier 
growth rate is greatly reduced at low temperature, so that al lowance must be made in 
design for the m inimum growth rate, at the lowest winter temperature. Toxic compounds 
can be prevented from reaching the treatment works by enforcing control measures at the 
source . I n  a wel l -operated, appropriately loaded plant, ammonia  residuals of 2 mg/l or less 
should be consistent ly atta inable in the absence of toxic  inhibition of nitr ifying organisms. 
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l� itri fication can be achie\ ed in \\ a�te\\'ater treatment plants of the fol lowing processe . 
types :  
1 . 1 0. 1 .  Fi xed fi l m  p roccssc 
1 . 1 0. l . a .  ' I nck lmg li lter 
I t  I S  a highl) permeable med ium to \, hich microorganisms are attached and 
through ",hich \\ aste\\ ater is percolated or trickled. The organisms make 
lise or the substrates in the \\aste\\ ater flowing over the fi l ter. The attaching 
media usua l ly  consists of rock or plastic packing materials .  Dur ing the 
operation, the m icroorganisms attached to the fi lter grow forming a s l ime 
layer. 
1 . 1 0 . l .b .  Rotat ing d isc fi lters 
enes of c losely spaced c i rcular disks of polyv inyl chloride or other 
polymeric substances where the cel ls are attached . The disks are part ly 
ubmerged i n  wastewater and rotated slowly through it .  During the 
operation, cel l  growth occurs and a s l imy layer of microorganism is formed 
over the wetted surface area of the disks. Disk rotat ion provides the biomass 
with substrates when contacts the wastewater and with oxygen when it i s  
out of water. Thi s  system has the merits of worki ng with large amount of 
biomass during the operation. 
l . l 0 . l .c .  Packed bed systems .  
I t  i s  a chamber containing a bed of media to which the m icroorganisms can 
become attached. Wastewater i s  introduced from the bottom of the 
conta iner mai ntaining an upward flow, air or pure oxygen necessary for the 
process is a lso introduced with the wastewater 
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1 . 1 0 .2 .  S u s pe n d ed g ro\, t h  p rocesse 
om cntJonul act l \ ated s l udge processes at 10\\ load ing 
? I· '(tended aerat ion acti\ ated sludge systems. inc luding oxidation ditch 
... Two-stage actl\ ated s ludge systems \\ ith separate carbonaceous oxidation and 
nitn fication systems (each stage \\ ith its o\\ n final sett l ing tank and sludge recyc le  
ystcm).  
1 . 1 1 .  N i t ri fi e rs G rowth I m p l ica tio n 
Aerobic heterotrophic bacteria are the key players in  the removal of carbonaceous waste 
matter. This  happens by either ass imi lation into new cel l s  or by oxidation to carbon 
dioxide and other simple products, in respirat ion. Consequently, the gro\vth of 
heterotrophic bacteria affects the n itrogen balance in biological treatment by ass imi lation 
of nitrogen in ce l l  growth, dissim i lation of nitrogen in  respiration (ammonification), and 
final l y  by Denitrification of nitrate (and nitrite) in  anoxic respiration. 
In  wastewater treatment systems, the nitrifying bacteria are only a smal l fraction of a 
l arge ly heterotrophic biomass. The design and operation of n itrify ing treatment systems is  
of great importance to ensure that the growth rate of the n itrifiers is not less  than that of the 
biomass as a whole .  Otherwise, the ni trifiers \vi l l  eventual ly be lost from the culture . 
Proper design of biological treatment systems requires defining the treatment objectives, 
the different environmental fac tors l ike temperature, pH, DO, nutrients , trace e lements and 
other growth factors; and presence of toxic or inhibitory chemicals .  
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2 . 1 .  I m m o b i l i z a t i o n  o f  N i t r i fi e r  C e l J  
In  the biologIcal removal o f  nitrogen 1 11 wastewaters ,  appl ication o f  free cel l  (activated 
. . ludge process) technique is ineffic ient and sometimes cons idered as problematic .  This i 
due to the slow growth rate of nitri fiers \\ hich in turns lead to the \\ ash out of bacteria from 
the reactor. \\ ° ith maximum possible hydraulic residence t ime ranging from 8- 1 2  hours and 
a doubling time of at least 1 5  hours I J  I I  to the fastest growing species of nitrifiers, a haIt in 
the process would be expected within t\\ O or three days. The problem is worsened in cold 
weathers where at 5 °c a doubling time of nitrifiers may reach 1 50-200 hours 1 3 1 1 . A 
promising tool to o\ ercome this problem is the immobil ization of nitrifiers into suitable 
upporL . 
Whole ce l l  immobil ization can be defined as "the physical confinement or local ization of 
intact cel ls to a certain region of space with preservation of some desired catalytic activity" 
132 1 . Immobi l ization is  a sort of copying what occurs in nature when cel l s  grow on surfaces 
or within natural structures .  Many m icroorganisms have the abi l ity to adhere to different 
kinds of surfaces in nature . Numerous biotechnological processes are enhanced and even 
gave much  h igher efficiencies when compared to the corresponding free ce l l  systems when 
undergone by immobi l ization techniques . There are many techniques for immobi l izing 
biomass (cel l s), and each technique is suitable for a certain application. From the 
c l assificat ions proposed for immobil ization techniques, is  what Pi lkington, et a i ,  suggested 
IJJI .  They gave a very real istic and practical c lassification that is divided into four major 
categories as shown in Figure (2. 1 ), this categorization i s  based on the physical mechanism 
employed .  
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(A)  Attachment or adsorptIOn on sol id  carrier surfaces. (B)  Entrapment within a porou" 
matrix. (C) Sel f aggregation b) Oocculation ( natural) or \\ ith crossl i nk ing agent 
(art i fic Ia l ly induced). and (D) Ce l l  containment behind barrier�. 
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Figu re (2 . 1 ) : Different ce l l  retention ( immobil izat ion) techniques 133 1 . 
2. 1 . 1 .  Attachment  o n  sol id s urface 
Cel l  immobi l ization on a sol id carrier is carried out by physi cal  adsorption due to 
electrostatic  forces or by covalent binding between the cel l  membrane and the carrier. This 
forms what i s  cal led biofilm .  F i lm thickness usual ly ranges from one layer of cells to I mm 
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or more ::,ystcms using immobi l ized cel l s  on a surface are popular due to the relat i \ e ease 
of carrying out this l) pe of immobi l ization. there are no balTiers between the cel ls and 
the solution. ce l l  detachment and relocation is possible \\ ith potential establ islunent of  
equi l i brium bet\\ cen adsorbed and freel) suspended ce l l s .  Examples of  solid carriers used 
in thIS t)- pc of immobi l ization are natural rocks having surfaces \\ ith part ia l  positive charge 
l i ke basal t  13� 1 . inorganic materials (polygorskite, montmori loni te) ,  porous porcelain,  sol id 
materials l I ke glass and porous g lass (s iran) 135 1 or ce l lulose that can be treated with 
pol) cations, chi tosan or other chemicals (pre-formed carriers) to enhance their adsorption 
abi l i ty 1361 , porous polyurethane 137• 38 1 . 
2 . 1 .2 .  Entrapment  w ith in  p o rous  matrix 
In  this type of immobi l ization, e i ther the cel ls are a l lowed to penetrate into the porous 
matrix., or the porous material is formed ins i tu -which is more popular- into a cu lture of 
cel l s .  Both entrapment methods are based on the inc l usion of ce l l s  with in a rigid network 
to prevent the ce l l s  from d iffus ing into the surrounding medium, in the mean t ime, 
a l lowing mass transfer of nutrients, react ion substrates and products. Characterist ic 
examples of this  type of immobi l ization are the entrapment i nto polysaccharide gel s  l ike 
a lg inates, K-carrageenan, agar, chitosan and polygalacturonic acid or other polymeric 
matrixes l i ke gelatin, col lagen, polyv iny l  alcohol ,  polyethylene g lycol ,  polyacylam ides and 
polycarbonates 136, 391 .  
2 . 1 .3.  Cel l  flocculation (Aggregation)  
Cel l  flocculation has been defined by many authors as  an aggregation of ce l l s  to  form a 
l arger unit or the property of ce l l s  in  suspensions to adhere in  c lumps and sediment rapidly .  
Flocculation can be considered as an immobi l i zation technique as the l arge size of the 
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aggregates make') their potential use In reactors possible .  Such reactors inc lude packed-
bed, lluidiLcd-bed and ti rred-tank reactors .  A rti fic ial floccu lating agents or 
cross-l l I1kers howe\ er can be used to enhance aggregation in ce l l  cu l tures that do not 
natural l y  1l0cculatc 
2 . I A. M ec h a n i c a l  conta i n m e n t  beh i n d  a b a rr ier  
ontainment of cel ls  behind a barrier can be attained e ither b) lise of microporoLl 
membrane fi lters or b) entrapment of ce l l s  in a microcapsule or by cel l immobi l ization 
onto an interaction surface of two immiscible l iquids. This type of immobi l ization is ideal 
\\ hen ce l l  free product and m inimum transfer of compounds are required 1 J9 ] .  
After having described the d ifferent immobi l ization techniques, and in l i ght of  the 
im estigation done within this work, and based on the previous publ i shed research on 
nitrification using immobil ized ce l l s, the focus of the next sect ions in this presentation wi l l  
be directed o n  two techniques only out o f  the four techniques mentioned earl ier. These two 
techniques are " entrapment within porous matrix" and "attachment on sol id surface" 
(adsorption-biofilm) .  
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2 . 2 .  E n t ra p m e n t  o f  N i t ri fi e rs w i t h i n  Po ro u s  M a t ri �  
Immobil izing microbial ce l ls  i n  a high densit) not only improves the product ivity o f  a 
biorcactor but a lso pro\ Ides man! bene fits m er free ce l l s .  The microbial ce l l s  immobi l iLcd 
in II hydrogel matri x can be protected from harsh env i ronmental cond it ions such as pH,  
temperature. organic sol \ ent. and po ison. Immobi l ized microbial ce l l s  a lso can be hand led 
more eas i ly  and recm ered from the solution wi thout d ifficulty. Continuous processes can 
be operated in a high ce l l  densi ty without loss of microbial ce l l s  even at h igh d i lut ion rates, 
\\ hich results in a higher bioreactor volumetric productivity even at low residence time 
\\ hen compared to free ce l l  systems. 
This i s  h ighly evident in nitrifiers. which are slow growing and have a low yield, and hence 
without long retention times they wil l  be washed out of a continuous reactor unless they 
are retained in the reactor environment by immobi l ization. Immobi l ization ensures that the 
nitrifiers are kept within the treatment system in a high ce l l  concentration, and therefore 
the volumetric efficiency and productivity is greatly i ncreased. This  can l ead to relative ly  
smal l  reactors, and may afford protection from toxic  shocks .  
A hydrogel can be described as a hydrophi l ic ,  porous, c rossl i nked polymer (network) 
which swel l s  when placed i n  water or biological fluids [40 1 . However, it remains insoluble 
in solution due to the presence of crossl inks .  
A great deal of investigations and research has been carried out on gel entrapment of 
ni trifiers. Gel entrapment can be implemented using natural or synthet ic  gels .  Natural gels ,  
i .e .  natural biopolymers l i ke (polysaccharides such as a lg inate c ross l i nked with ca lc ium or 
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barium, K-carrageenan. agar or prote Ins such as, gelatin. col lagen) and synthet ic ge ls, I .e .  
ynthetic polymers l i ke (polyacrylates. polyurethanes, pol yethers, polycarbamo) I 
u l phonatc, polycth) lene glycol .  pol yvin) I alcohol ) l-l l l . 
r' ach one of these carrias has certain ad\ antages and disad\ antages in relation to it 
in fluence on the entrapped cel ls  as we l l  as on the physicochemical and biological stab i l i ty 
of the resultant matri" s impl ic ity of  carrier preparation, and the avai lab i l ity and cost of 
raw materiaL. 
The impact of immobil ization on cel l  physiology and ce l l  mobi l i ty, physical  interactions of 
immobi l ized cel ls  \\ith the support have to be considered before the appl ication of the 
immobil ized ce l ls .  A fundamental ly important point when choosing a materia l  to be used 
as carrier for immobi l ized cel ls  is the microenvi ronment conditions that it possesses. 
Furthermore, does this microenvironment create favorable conditions for the immobil ized 
cel ls  or not. This  is evident especia l ly when using l iv ing ce l l s  that require an adequate and 
continuous supply of substrates and rejection of metabol ites (reaction products). Therefore, 
an "ideal" gel carrier should possess a highly porous (preferably  macroporous) structure to 
fac i l i tate the d iffusion of solutes and d issolved gases . Moreover, the gels to be used as 
immobi l ization media should possess low solubi l i ty, low biodegradabi l i ty, high 
mechanical stabi l ity, h igh d iffusivity, simple immobil i zation procedure and low cost [4 2 1 . 
One of the biggest chal lenges that face such immobil ization technique is  the mass transfer 
of oxygen. The low solubi l ity of oxygen directly affects nitrification process within 
immobil ized cel ls .  Oxygen transfer i s  dependent on the gas-l iquid and l iquid-sol id mass 
transfer coefficients and on the specific surface area of the d ifferent phases. As the cel ls  
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grow within the porous matrix of the gel ,  spaces and pores become fc\\ er, and hence, the 
need for oxygen \\ i 1 1  be in  continuous increase . Consequently, the consumption of oxygen 
1 11 some cases might exceed the rate of transfer of OX) gen to the entrapped cel ls ,  \\ h ich 
mav cause an o:-.) gen defic iency in the inner parts of the gel matrix I H I .  Acti\ it)' of 
immobi l ized nitri fiers can a lso be negativel) affected b) the accumulat ion of hydrogen 
I ons in the support , produced during the first step of nitri fication,  causing a decrease in pH 
I � " I  
2.3. N a tu ra l  G els  A p p l i c a ti o n s  in N i t ri ficatio n 
ccording to Leenen et a I ,  1 "2 1  natural gels are potent ia l  materials for immobi l i zation. This 
is due to their tolerable immobi l ization procedures for l iving ce l l s .  They are simple in 
preparation, no severe conditions l ike freezing temperatures or toxic c ross- l ink ing agents 
and they are rel atively  inexpensive. The diffusion coeffic ients for substrates within natural 
gels are re latively  high and the immobi l ization procedure is s imple .  However, natural 
polymers are not strong enough for use in wastewater treatment processes. Their solubi l i ty 
and biodegradabil i ty is a major disadvantage for using such natural gels IH I .  Considerable 
academic research has been conducted using alginate and carrageenan gels despite their 
drawbacks because they are easy to work with. Such research has focused mainly on pure 
bacteria l  cu ltures and synthetic media, a lthough the val idi ty of these resul ts for mixed 
cultures and real wastewaters has yet to be determ ined 138 1 . 
ung-Koo Kim, et a I ,  145 1 immobi l ized nitrifiers in  three d ifferent natural gels; alginates, K -
carrageenan and agar. Alginates were prepared by dropping 2% alginate solution 
containing the bacterial consortium into 1 . 5% BaCh or CaCho The K -carrageenan and agar 
were prepared by temperature drop of their hot solution 5 5 °C i nto cold oi l .  The o i l  is  then 
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washed, and the beads are placed in 2°"0 KCI .  In  order to avoid damaging the a lginate bead 
an indirect sparging airl i ft reactor \\- as used This means that the gel beads were not 
moving throughout the system employed . IIowe\ er, the} were having a packed 
configuration. The immobi l ized nitri fiers in Ca or Ba alginate showed the best results in 
terms o r  ammonia remo\ al and the strength of  beads. The continuous processes were run 
with immobi l i/ed nitri fier beads; the influent ammonia was 2 mg/l , the highest ammonia 
removal rate \\ as 82 g I\l-l4-N 111 3 per daJ with a HRT 0[ 0 .3  h .  
heintuch .  et aI ,  1 46 1 examined the interaction of nitrifiers and denitr i fiers immobil ized in 
a lg inates beads. Alg inate concentration was 3 . 5%. The invest igation resulted in zero nitrite 
and nitrate concentration in  the effluent. The system was operated as sequentia l  batch 
reactor, i nvolving cyc les of aerobic then anoxic conditions. A lthough the process was 
uccessfu l  in ammonia removal .  Sheintuch recommended finding a gel with good 
mechanical properties, highl ighting the poor mechanical properties of a lg i  nates that cannot 
be used in treatment p lants . 
Wij fels, et a i ,  /3 1 ) immobi l i zed n itrifying organisms i n  K-carrageenan. They studied the 
effect of temperature reduction on the nitrification efficiency. The study stated that a 
reduction in  temperature from 30 °C to 1 2  °c resulted in  20% reduction of nitrification 
compared to 90°'0 for free cel ls  systems .  This  result c learly demonstrates that nitr ification 
capacity was mainly affected by transport factors of substrates and not by k inetic 
properties when dea l ing with immobil ized systems .  
On the other hand, Leenen e t  a I ,  147) studied the reduced temperature effect on the growth 
k inetics of Nitrobacter immobil ized in K-carrageenan. The i nvestigation experimental 
36  
Chapter 2 Literature Re\ie\\ 
rcsults \\ hen compared to model results that describe the biomass gro\\1h kinet ics fai led to 
match at 10\\"Cr temperatures. The) concl uded that the gro\\1h rate is strong ly dependent on 
thc tempcrature 
2 .4 .  A rt i fi c i a l (sy n t h e t i c )  G e ls A p p l ic a ti o n s  i n  N i t r i fi c a t i o n  
lan) im c!:>tigations i m  olving immobil ization o f  nitri fiers i n  synthetic gels  have been 
arned out \\ Ith high d lversit) in materia ls used and in the purpose of the study. In this 
ectiol1, a summar) of the most s ign i ficant investigations from our point of view wi l l  be 
ho\\TI, focusing on the conditions of the nitrifiers. 
Acrvlamide gel \\ i th its high strength, good mechanical properties and oxygen 
permeabi l i ty, was used for the immobi l ization of activated s ludge. This gel could be ideal 
as an immobi l ization material . Unfortunately, acrylamide monomers are genera l ly  toxi c  [48 1  
UITlmo et aI ,  H9[ also investigated the immobi l ization of nitrifying bacteria  i n  porous 
pel l ets of urethane gel .  Urethane gel is prepared by the polymerization reaction of urethane 
prepolymer with water. A lthough 90% removal efficiency was atta ined, long tenn stabi l ity 
and durab i li ty of the gel matr ix could not be achieved. 
The high respiration rates of nitrifiers immobi l ized in polyethylene g lycol (PEG) when 
compared to acrylamide and epoxy gels, in addition to the good physica l  characteristics 
made it a potential c hoice for nitrification processes [SOl . In  h is  study, Tada e t  a i ,  [SOl 
examined PEG for one year, and evaluated the nitrification performance of nitrifying 
bacteria immobi l ized in PEG pel lets. About 90% of i nfluent ammonia was removed even 
at low temperatures. Sumino et a I ,  149) studied the effects of immobil izing materia ls on the 
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activity of nitri fying bacteria by using 1 1  kinds of polyethylene glycol prepolymerv. 
Immobi l Ilcd nitri fiers in PEG were also used to remove high levels of ammonium ni trogen 
from the \\ astewater c'\haust gas scrubber of a munic ipal s ludge dr) ing fac i l i ty in the 
Osaka llokuto ACF centre (Japan) 15 1 1 . fhe total reactor \ olume \\ as 1 40 m3 ( in fl uent 
loading ratc :  480 mJ d. retention t ime :  7 hours) .  85°'0 ammonium removal \vas reported to 
ha\ e been obtained " hen the influent ammonium nitrogen was 250 mg/l . 
10reo\'er, PEG pel lets were used in  a compact nitrification-denitrification process cal led 
PEGASUS 152, 53 1 . The process consi sted of a 2-chamber reactor, one for denitri fication 
(anoxic) and the other one for nitrification (aerated). The total retention time was 8 hours. 
The ammonia removal efficiency in the nitri fication tank reached 90% or more in one 
month . Nitrification rate of this system was approximately  2 to 3 t imes h igher than those 
obtained by conventional activated s ludge process 1 54 1 . 
2 .5 .  Polyv i n y l  A l c o h o l  
2.5. 1 .  Potential  Synthetic Gel  for I m mobi l ization of  Nitr ifier  Cell  
Polyvinyl a lcohol (PYA) was and sti l l  is a very promis ing and popular material for the 
immobi l ization of m icroorganisms. PYA is a potentia l  entrapping gel for many 
appl ications among which is  wastewater treatment, and specifical ly biological removal of 
nitrogen, which has been i nvestigated by many researchers. 
Polyvinyl alcohol (PYA) has a re latively simple chemi ca l  l i near structure with a pendant 
hydroxyl group and is hydrophi l ic .  It has been shown that PYA grades with high degrees 
of hydrolysis have low solub i l i ty i n  water. The temperature must be raised wel l  above 
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70°C for di ssolution to occur. 
PV A must be cross l inked in order (0 be useful for a wide variety of appl ications; 
biomedical appl ications inc l uding soft contact lenses, implants, and art i fic ia l  organs I · H I . 
'r h is  is because or thei r  inherent non-tox ic l t) . non-carc inogenic ity, good biocompatibi l i ty, 
and desirable ph) s ical  properti es such as rubbery or e lastic nature and high degree of 
\ye l l i ng in  aqueous solutions . The P hydrogels have a lso gained \\-ide pharmaceutical 
applications as drug-de l ivery matrices I · H I , a lcoho l ic beverage making 133 1 and in biological 
ni trogen removal 1 -1 1 , 55, 56, 57, 58, 59, 60, 6 1 , 62, 63, 6-1 , 6-1 1 .  
2.5.2 .  M ethods of  PV A C rossl in king 
PV A can be crossl inked using bifunctional cross l ink ing agents 1 -10 1 .  Some of the common 
crossl i nk i ng agents that have been used for PV A hydroge l preparation incl ude 
glutaraldehyde and acetaldehyde. However, res idual amounts can be present in the ensuing 
PY A gel .  I f  the res idue i s  not removed, and if  the gel were to be used i n  biomedica l  
app l ications, the release of this toxic residue would have obvious undesirable effects. For 
pharmaceutical appl ications, especia l l y  when PV A is  used as a carrier in drug del ivery, the 
toxi c  agent could a l ter the biological activity. 
PV A can be crossl i nked with saturated boric acid .  This  method has been studied by many 
researchers. The pioneers in this crossl i nking method are H ashimoto and Furukawa, ( 59 1 . 
This method wi l l  be d iscussed l ater in  detai ls ,  but the common problems associated with i t  
are the toxic and steri l izing effect of  the saturated boric acid, and the mechanicall y  weak 
gel formed. 
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There are also other chemical c rossl ink ing methods that possess toxic residual component 
such as in i t lCltors . chain transfer agents. and stabi l izers 165 1 .  I n  order to a\'oid the seriou 
effects of these tOXI C  chemicals .  the irradiation method was used for PV A cross l inking. '-'
via f ree radIcal formation acting on acr) lam Ide funct ional pendant groups \\ ith short 
i rrad iation t l llle 165 1 
ther methods of chemical c ross l i nking inc lude the use of e lectron beam or y-irradiation. 
Thi s  method has advantages over the use of chemical cross l inking agents, as it does not 
leaye behind tox ic ,  e lutable agents. However, one problem was observed in this technique 
of c rossl i nk ing. The problem was bubble formation inside the ge l matrix 1 40 1 . 
ogelsang et a i ,  presented the operational characterist ics of a l aboratory-scale nitrification 
process using nitrifiers immobi l ized in polyviny l  alcohol styrylpyridiniumlalg inate gel 
(PVA-SbQ'alginate gel)  [60 1 , This method was based on the photo cross-l inking of 
polyvinyl alcohol substituted with l i ght-sensitive styrylpyrid inium groups (PV A-SbQ). 
This material was mixed with a lg inate gel and nitrifying ce l l s .  I t  was c l aimed through the 
work done by Vogesalng and his  co l leagues that this kind of material would be more 
b iocompatible than the rest of the synthetic gel s  that have been used for nitrification, but at 
the same time would be less b iodegradable than natural gels (alginate and K-carrageenan) . 
After the entrapment of the ce l l s ,  70% of their  nitrification act ivity was retained compared 
with 1 0% in most synthet ic  gel systems .  This percentage was even h igher than for other 
PV A methods. However, after a few days of operation gel s  lost about 50% of their in i t ia l  
mechanical gel strength, and after 50 days 75% of that strength was lost due to the 
destruction of the a lg inate gel network. 
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Although p \,,\ possesses great extent of tlexibil ity and non-biodegradabi l ity, it is vel) 
d ifficul t  to shape into beads that are spherica l .  the preferred shape [or continuou 
wastewater treatment 16-1 1 . For that reason. some im estigators used a mixture of PYA and 
alg inate in forming thei r  immobil izat ion gels . Cao et at . 162 1 used 1 0  °'0 PYA and 2°'0 
a lg inate and dropped the mixture in CaC I:! and len for 30 minutes then CaCh was leached, 
and the beads \\ ere frozen for 24 hl's at -20 °C and cycles of freeze-thaw was appl ied to 
give the formed beads higher mechanical properties. The purpose of add ing the a lg inate 
was to obtain spherical beads with uniform shape since freeze-thaw method cannot give 
pherical beads shape. 
very rel iable mechanism of hydrogel preparation involves "physica l"  c ross l inking due to 
c rystal l ite formation 1-10 1 . This i s  achieved when aqueous PYA solution is frozen . Frozen 
PV A has the unusual characteristic of c rystal l ite formation upon repeated freezi ng and 
thawing cycles .  This  method was the main method adopted in the present work and more 
deta i l s  on this method wi l l  be presented in the next sections. 
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2.5.3. P V A  C ross l i n  k i n g  " i t b  B o ric  A c i d  
Hashimoto described the reinforcement of  polyvin) I alcohol us ing boric ac id and thi 
method has been used by man) other researchers 145. 59, 651 I lo\yever, boric ac id ha 
steri l ization propertie reover. these crossl inks look l ike chemical bonds. but they are 
in fact labI le ( temporary) polar covalent interactions. The) are cont inua l l )  and rapidl) 
break ing and reform ing as sho\\ n in Figure (2 .2). so the viscous gel exhibits unusual 
properties intermediate of a sol id and l iquid. 
I I \ H"C H2C CH2 
\ \ / 
H-C - OH H-C - O O - C - H  
/ / "'" -/ \ 2 H"C\ .j n(ol l )� � HzC\ /� /CH2 � 1 1 ,0 
H-C - OH H--C-O O - C - H  
/ / \ 
H"C H2C CH2 \ \ / 
Figu re (2 .2) :  Labi le crossl inking between PV A and boric acid 
In  addit ion, a l though the boric acid  method is  the s implest and most economical technique 
t\vo potential problems arise with i t :  agglomeration of PV A gel beads and the toxic ity of 
saturated boric acid. Wu and Wisecarver, [661 added a smal l amount of ca lc ium alginate to 
prevent agglomeration of PV A gel beads 165 1 . Chen and L in, reduced the immersion t ime of 
saturated boric acid from 1 5-24 h to 1 0  min - 2 h to d iminish cel l damage and used an 
orthophosphate solution for gel strength reinforcement. These modifications sti l l  did not 
completel y  e l im inate the t\vo problems mentioned above [67 1 . 
Chang et ai, [65 1 studied crossl inking of PYA with 4 d ifferent methods . Dropping PYA 
droplets i n, boric acid (B), sod ium nitrate (N), boric then sodium dihydrogen phosphate 
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(P) and fi nal ly in a mixture of boric and sodium dihydrogen phosphate (B-P). The result 
howed that the formation of spherical gel beads \\ i thout agglomeration for all four type 
was successful during ge lation process, but agglomeration occurred in group B and group 
B-P \\ hen the P\' ,\ beads \\ ere \\ ashed \\ ith tap \yater and in group P \\ hen the P 
beads \\ ere transferred into orthophosphate so lution. The agglomeration of group B and 
group B-P beads was very serious, producing a ge l that was very d i fficult to break up. Thi 
problem in  group P beads could be reduced by transferring the beads into orthophosphate 
solution directly without washing with tap water. Wu and Wisecarver, postu lated that the 
agglomeration problem is due to the insuffic ient c rossl i nk ing of the PY A by boric ac id [66 J . 
1attlasson et aL [ 68 J in thei r  i nvestigation concluded that the rheological behavior of the 
PYA gel c rossl inked with boron based copolymer (Figure 2 . 3 -b) agrees in a better way 
with general definit ions of a gel ,  on the other hand PYA gel c rossl inked with borate system 
(Figure 2 . 3 -a) behaved more l i ke concentrated l iquids. 
�""'�r" (a) 011 <) <) 6H 6H OH 6H 00 OH O. 0 ' 
\ I \..., B (-) - B. (-I . ,  - 0 '0 HO OH K: 9HOH I 1 9H OH OH OH 
He OH 's' (. 
,.,0'" '()01 
HO�� H�' 
HO 
o OH o-'e� (.) 
OH OH 
Oil .-\§ » �  0 y  t: :$-
< C>1 
�o 
�<o=i HO 0:) 
� j ) 
Figu re (2.3) :  PYA cross l inking with boric and with boron based copolymer [68 1 
(b) 
Moreover, the crossl i nk ing mechanism of an aqueous alkal i ne solution of poly  vinyl 
a lcohol in  the presence of boric acid was i nvestigated by means of l i B nuclear magnetic 
resonance [69 1 . The results showed that the product is a so-cal led monodiol type but not a 
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didiol type as shown in Figure (2.4),  \\ hich is not consi stent with the com entional concept 
of P\'A and bone ac id react ion 1691 . This result suggests that the cross l inks assumed to be 
formed via Boron are \ ery few and there are almost none between the l inear chains of 
p\ ,\ 
H ...... / 
I (, .. c\ I I  c-o 
1 1 :::< \B-O H I 
H c-o ...... I 
/ \  
lonod io l l inking 
I I  ...... / \ ) 1  
Il ...... 
c\ IC ...... 
I I � F - o-c· 
I I  
'C \' I 
II ...... 13 \ ...... 
H 
\ r\ c 
H c-o 0 
I ...... 1 1 
...... I -c - 'c ...... H / \  / ' H  
Didio l  l ink ing 
Figure (2..4) :  P cross l i nk ing with boric - monodiol  and didiol type of structure 
F ina l l � , K C Chen, 1701 described the beads formed through PYA-Boric by l abi le  beads, and 
in  his investigation, hardening of these labi le beads was achieved by adding sod ium 
phosphate solution to give phosphorylated PYA gel .  
2 .5.4. PYA Cross l in king  w ith Freeze-Thaw Cycle 
Ariga et aL [55 1 by i terative freezing and thawing increased the strength of PY A gel and a 
rubber-l i ke hydrogel was obtained without using any chemical reagents . The gels produced 
this way were cal led c ryogels of pol y  vinyl a lcohol (cryoPYAG's) .  S imply, the method 
i nvolves freezing PYA solution at -20 DC for 24 hours, then thawing. This i s  fol lowed by 
repeated cycles of freeze-thaw to improve the mechan ical  properties. 
Thi s  method addresses tox ici ty i ssues because i t  does not require the presence of a 
crossl inking agent . S uch physica l ly  cross l i nked materials a lso exhibit superior mechanical  
strength than PYA gel s  crosslinked by chemical or i rradi ative techniques because the 
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mechanical load can be di stributed along the crysta l l i tes of the three-dimensional structure . 
[he non-bnttle gel produced b) freeze-tha\\ was suitable for Ouidized-bed reactor 
appl ications \\ here high shear stress can often be a problem . In add ition, cryogels were 
high I) resi stant to biological degradat ion. Because of the high m icro and macroporosit ie 
of the cryoPVAG matrix ,  the d iffusion coeffic ients of low molecular substances \\ ere 
found to be \'i rtua l l )  equal to those in pure water 14 1 1 . The number and stabi l ity of these 
rysta l l i tes are increased as the number of freezing/thawing cyc l  increased. :)ome 
characteristics of these gels inc lude a high degree of swel l i ng in water, a rubbery and 
lastic nature, and high mechanical strength. 
Despite the good properties of these cryogels, the viab i l i ty of microorganisms was 
decreased during freezing and thawing. For this reason, the presence of some dissolved 
addit ives (cryoprotectants) l i ke g lycerol or skim mi lk  have been used in order to protect 
and imprO\ e the surv ival of the ce l l s .  
Cryogenic treatment fac i l itates the gelation processes because of  the increase in 
concentration of dissolved macromolecules i n  unfrozen regions of  the system that arises 
when pure ice first crystal l izes. These l iquid- l i ke unfrozen i nc lusions within the 
macrofrozen polymer solutions exist unt i l  sufficiently low temperatures are reached. As a 
result PV A chains form the ordered structures known as microcrysta l l in i ty zones. Theses 
zones act as j unction knots, which in turn arise only when the OH groups are free to 
part ic ipate in interchain- interactions. The OH groups may form i nter chain hydrogen bonds 
(isotactic s ites) or intra chain hydrogen bonds (syndiotacti c  s i tes) . This intra chain 
hydrogen bondi ng is what forms the 3D c rossl inked gel skeleton l i ke this shown in  F igure 
(2 . 5) [70 1 .  
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Fig u re (2 .5) :  Inter and intra hydrogen bonding sites f0n11ed in freeze-thaw PV A gels 
PV A hydrogel s  prepared by freezing technique showed high e lastic ity and are capable of 
bei ng extended to fi\'e or six times their init ial length 1 7 t l , The polymer concentration in the 
ini t ia l  solution is also of importance :  the h igher the PV A content in the system to be 
frozen, the higher the cryoPVAG's  strength and thermostabi l ity l.t t l ,  
With regards to the rate o f  freezing, i t  was shmVl1 that over a suffic iently wide range o f  
moderate values, (0. 1 to 1 7 .0 °C m in' l ) the effect o n  the physical  characterist ics of 
cryoPVAG's \vas relatively s l ight. In  contrast, very fast freezing, e ,g "  in  l iquid nitrogen, 
can cause undesi rable phenomena such as the formation of c racks in the bulk of  the system 
because of the strong shear stresses arising when the ice quickly crysta l l izes in a greatly  
viscous medium: moreover, s imilar stresses can destroy the integrity of the ce l l s  to  be 
entrapped l.t l l ,  Thus, very low freezing temperatures are not favored ,  Actual ly  this lead to 
lower number of unfrozen inc l us ions of the solvent (water), and as these inc l us ions' spaces 
decrease, the mot i l i ty which was faci li tating the cross l inking is l ost, so gel s  with low 
mechanical properties are obtai ned instead, Thus prolonged storage of  frozen PV A 
solut ions, for example, at - 1  DoC gives rise to somewhat more rigid cryogel than those kept 
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[or the same period of t ime at -20 or -30 r '� I I  
Another important factor that dom inant l} in fl uences the cryoPV AG ph) sical propert ies han 
been shown to be the condit ions of tha\ving the frozen s\  stem I� I I . The s lower the 
defrosting process, the higher the strength of the P cryoge l formed. S lo\\ thawing 
ensures that the duration in which the spec imen "resides" in the temperature region -5 to - 1  
o i s  pro longed . In  this temperature region, the amount of unfrozen water i s  suffic ient to 
al low the movements of polymer chains result ing in  an entanglement of macromolecular 
coi ls ,  and PYA concentration in these l iquid- l ike zones sti l l  remains h igh enough for strong 
gelation. An ulternati\ e to the slow-thawing method for the reinforcement of cryoPVAG's  
i s  the mul tiple freezing-thavling ''' I I .  
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2 . 6 .  A d so r p t i o n 
lmmobil ization by adsorpt ion or b) biofi lm bui ldup is  used in si tuations \\ here the reactor 
capaci ty obtained by using freely suspended organisms is l im ited b) the biomas 
concentrat ion and hydraul ic res idence time. This can be the case either for s lo\\ -gro\\ i ng 
organisms as nitri fiers. \\ hose gro\\1h in  suspension requires long residence times, or for 
di luted streams (o ften present in waste-water treatment processes). in which only a very 
low biomass concentrat ion can be achieved without biomass retention. In  these case�, 
biofilms are an effective solution to a successful retairunent of biomass in the reactors. I n  
add ition. b iofi lms improve the volumetric conversion capacity. Adsorption involves the 
presence of biomass adhered to a support that has adsorpt ion properties 172 1 . 
The broad pore s ize distribution occurring in biofilms is  a merit for this immobi l ization 
technique over gel entrapment. Whenever ce l l  growth occurs, the large pores prevent the 
carner surface from being ful ly covered with attached ce l l s .  Consequent ly, there wi l l  be 
oxygen reaching the core always regardless of how much the growth of the cel ls is .  
cann ing e lectron microscopy proved a uniform distribution of ce l l s  i ns ide the carrier and 
at the surface of the bone structure of the carrier, thus enabl i ng higher oxygen transfer rates 
even to the surface of the carrier 172 1 . 
B iofilms are not part icularly useful when fast-growing organisms ( i . e .  with a maXImum 
specific growth rate (> 0. 1 h· 1 ) or concentrated feed streams are used. I n  these situat ions, 
sufficient biomass wi l l  be formed to metabol ize the substrate with rel atively short 
res idence t imes without the need for any form of retention; i t  i s  the oxygen supply to the 
l iquid phase, not the biomass concentration, which is  often the l im it ing factor. For this 
reason,  in  processes where high substrate concentrations are used, biofilm fonnation is  
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ei ther unnecessary or e\ en disadvantageous, and the range of appl ications of immobi l ized­
cdl systems in industry is mainl) l im ited to wastewater treatment processes 1"3, �� , "5 1 
B iofi lms are \\ ide l )  used in appl ications that need high bioma oncentrat ions to treat the 
large \ o lumes of d i lute aqueous sol utions, which are typical of industria l  and munic ipal 
waste\\ ater� wi thout the need for separat ing the biomass and the treated ef1luent. 
Growing biofilms as smal l part ic les a l lows much higher surface area, which is an 
ad\ antage for higher reaction rate and higher volumetric conversion rates. However, the 
choice of the opt imal part ic le size is a compromise between the conversion rate and the 
part ic le sedimentation rate. If the part ic les become too smal l ( i . e .  their settl ing veloci ty is 
too sma l l ) .  the process might again be l imi ted by the biomass concentration that is  
achievable in the reactor. 
The main reactor types that are appl icable for the suspension of part ic le-based biofilms are 
the upflow s ludge blanket (USB), biofilm fluidized bed (BFB),  expanded granular s ludge 
blanket (EGSB), biofilm airl ift  suspension (BAS) and i nternal c i rculation ( IC) reactors. In  
USB,  BFB and EGSB reactors, the partic les are kept fluidized by an upward l iquid flow. In 
BAS reactors, a suspension is obtai ned by pumping air into the system, and in  IC  reactors, 
the gas produced in the system drives the c irculation and m ix i ng of the l iquid and sol ids in 
an airl ift- l ike reactor. The USB is an upflow, fluidized bed reactor conta in ing granules and 
no bed media [76 1 , suspended sol ids i n  the influent, which accumulates i n  the reactors, pose 
a major problem for the operation of the USB and reduce the reactor capacity; to overcome 
this l imi tation, the BFB concept was developed 1771 ,  where, the l iquid to be treated is  
pumped through a bed of smal l media (typical ly  sand with a part ic le s ize of 0 .2-0.8  mm) 
covered by biofi lms at  a sufficient velocity to cause fluidization. The control of biofilm 
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thickness and structure IS di fficult in Bl· B reactors . Better control of biofllm thickness and 
structure IS possible in BAS reactors , \\ here thin, dense biofilms can be eas i ly maintained. 
F igure (2 .6) shows some of these reactors configuration 
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Figure (2.6) :  Types of particle based biofilm reactors (73 1 
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Immob i li zation of n itrifiers by adsorption has been widely i nvestigated i n  recent year ... . 
Matsumura et ai ,  (78 ] i nvestigated the effect iveness of immobil ized nitrifying bacteria in  a 
posi t ively charged macro-porous carrier i n  the n i trification of i norganic  synthetic water. 
The surface of the carrier was treated with polyethyleneimine (PEl )  to provide an ion 
exchange capaci ty (78 1 , 
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Rosa ct aL /79 1 imIllobi l ized ni tri fiers on PVC \\fink led plates \\ ith spec i fic area 1 38 m2,mJ 
and with porosity . .  > 950/0. the amount of attached biomass was calculates as �lg 
biomass cm2 carn�r surface area. Biofi lm reached a maximum value of 1 72 Ilg cm2 in 
about 1 0  day S \\ here the cul ture el1\' i ronment contained micro and macronutrients and 
H.jCI  with concentration 252 mg/l . In the same investigation, the effect of sal in ity was 
examined. 50 g. l NaCI caused a drop in ammonia removal efficiency in their system from 
94 �/o to 48 0'0. 
Van Loosdrecht et a l ,  immobil ized ni tr ifiers on basalt partic les IJ.t I .  They used BAS reactor 
system coupled with anox ic chemostat for denitrification, the basalt partic les had a mean 
diameter of 0 .32 mm and a density of 3 .0 1 g/cmJ . A long the experiment time, which lasted 
for about 202 days, the averages diameter of the biofi lm  partic les was 0 .75 ± 0.22 mm. 
Zhan et aI, studied the ni tr ification effic iency in  his system through immobi l i zi ng ni tri fiers 
on vertical ly  moving p lates [80 1 . The system comprised s ix reactors connected i n  series .  The 
moving p lates were made from corrugated PVC, with two d ifferent values of specific 
surface areas 1 50 for first two reactors and 240 m2/m3 for the last four reactors. One of the 
main  points in this investigation is  maintaining thin  biofilm thickness by adjusting the 
speed of the vertical ly  moving plates at 0.2 mls so that shear forces and reattachment 
abi l ity are in  equi l i brium result ing in  a thin biofi lm .  
A very i nteresting finding was mentioned in  Kobayashi i nvestigation 18 1 1 . I t  i s  genera l ly  
known that biofilm formation abi li ty depends mainly on e lectrostatic forces between the 
suspended biomass and surface of the carrier. I n  this i nvestigation Kobayashi et aI ,  [8 1 1 
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were uS1l1g  chitosan- magnetite to enhance nitrifying capacity (Chitosan is a natural 
product extracted from chit in a by product of crustacean she l l  extracts conjugated with 
magnetite minera l  that has strong magnetic properties). The finding that chitosan-
magnetite d l ffereJ in Its abi l i ty to adsorb E colr and X europaea ce l ls ,  although both have 
s Im i lar zeta potent ials .  1 h is  indicates that other factors l ike surface structure of ceiL, 
hydrophobic interaction, and biological affinity might affect the interaction between 
bacteria and sol id surface 1 8 1 1 .  
Tsuneda tried to enhance the adhesion propert ies to polyethylene membrane. Tsuneda e t  aL 
1
82 1 found that nitr ifying bacteria exhibited high adhesivity to the membrane whose surface 
had been mod i fied \\ ith positively charged graft polymer chains, and nitrifying biofilms 
with suffic ient thickness were obtained within a short t ime .  
tuckey et  aL 1381 studied the immobi l ization of ni trifiers on two different k inds of surfaces, 
polyurethane cubes and polyethylene paste . 
After looki ng at this d ifferent array of biofilm carriers used in  previous investigations, we 
have to mention that nitrification biofilm systems are highly effic ient at laboratory scale 
but they present d ifficult ies in design, construction and operation at industria l  scale 183 1 . 
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2 . 7 .  R e a c t o r  Co n fi g u ra t i o n  
Reactors that can be used i n  biochemical processes ha\'e high \ ariet) o f  configuration�. 
Rcccnt invcstigat ion'> dcscribc ne\\ I )  de\ c loped reactor configurat ion. Neyer ending 
dc\ c lopmcnt in thcsc configurations is witnessed in order to reach the opt imum condition 
for each or thc bIOchemical processes im oh cd. Most of the reaclors c i ted in the l i terature 
ha\ e cy l indrical shape 18� 1 . Reactors that need aeration and continuous m ixing may be 
e ither mechanica l l y  st ilTed or pneumatica l ly stirred .  The use of flO\\' air in pneumatic 
reactors helps in both mixing and aerat ion. The main features of the common reactors used 
in bioprocess engineering wi l l  be l i sted below. 
2.7 . 1 .  St irred ta n k  
cyl indrical vessel where a i r  i s  suppl ied from the bottom . Mechanical stirring is used in  
m ixing and air bubbles d ispersion. Wide array of baffles is  used to  obtain d ifferent mixing 
patterns. Free and immobil ized ce l ls/enzymes can be used in such reactors . However, 
immob i l i zed systems may be affected from mixing baffles that l ead to d is integration of 
carrier gel s  18� 1 .  
2 .7.2 .  B ubb le  Colu m n s  
Bubble columns have a s imi lar configuration to stirred tanks with a main difference, 
namely the absence of mechanical  stilTing. Gas sparging (air in case of aerobic 
environment is needed) in this case p lays two roles, mixing and aeration. This obviously 
diminishes l argely  the shear and g ives adequate homogeneous mix ing environment 184 1 . 
However, one of the d isadvantages of this system is  when the height/diameter ratio 
exceeds 1 5 , at this ratio or h igher the effective i nterfacial area decreases sharply.  In 
addi tion, the drop in  pressure result ing from the higher stati c  head of the solution 1851 . 
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2.7.3 .  A ir l i ft reactor 
Im i lar to bubble columns, the) are pneumatic reactors, but with di fferent l iquid Do\\ 
patterns. In  this k l l1d of reactors. two t) pes of flo\\ are experienced : dO\\I1\\ard Dow and 
IIp\\ ard no\\, . Air  or the gas lIsed is sparged in onl) one section of these reactors and it i 
cal led the riser. rhe other section is cal led the do\\ ncomer. Airl i ft reactors provide some 
merits o\ er bubble columns, \\ hich are high mass and heat transfer rates and lower energy 
for m ix ing . More deta i l s  about this kind of reactors and a Figure i l lustrating it wi l l  be 
included in the experimental section 1 8� 1 . 
2.7.4 .  Packed bed reactors ( fixed bed reactors) 
This configuration i s  simple and consists of a cyl indrical tube packed with catalyst material 
or carrier that hosts bacterial biofi lms .  The particles are relatively incompressible and able  
to  \\;thstand their  own weight without any deformation. I f  aeration is needed, i t  is  
perfom1ed in  a separate vessel .  This is to avoid flow channe l ing in case of direct aeration 
inside the bed 18-1 1 . 
2 .7.5.  F lu id ized bed reactor 
Once more, the configuration here is cyl indrica l .  This reactor i s  used with a sol id and fluid  
(either l iquid or gas). The fluidization turns the bed of  sol id part ic les into a suspended mass 
that possesses properties of a l iquid. This suspended mass takes the shape of the contain ing 
vesse l .  The flow is i n  the upward d irection at a suitable velocity that can keep the partic les 
l ifted but not carrying them out of the bed 185 1 .  The size of partic les that can be fluidized 
varies considerably from 1 J.lm to 6 em, but general ly particles between 1 50- 1 0  J.lm are the 
best for smooth fluidization 186 1 . 
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2.7.6.  T rick le  bed rea c t o r  
This  i s  simply a modI fication to  packed bed reactor. I Iere the medium ( fluid containing 
ubstrate) is sprayed onto the top or the packing and trick les down through the bed.  A Ir  can 
be introduced at the base or the column 18� 1  
2 .8 .  Rea cto r  C o n fi g u ra t i o n s  E m p l oyed i n  T h is I n vestiga t ion  
2.8. 1 .  B u b b le  Co l u m n  Reactor Featu re 
we pre\' 1ously mentioned, bubble columns achieve their  mixing through air sparging 
no mechanical parts used .  The main industrial  appl ications that employ bubble columns are 
for the production of beer. v inegar and bakers' yeast and for treatment of wastewater. 
The use of bubble column guarantees some merits among which; low capital cost, adequate 
heat and mass transfer, no moving parts and the abi l ity to handle sol id particles without 
erosion or p lugging. A drawback of this system is that at h igh gas flow velocities, back 
mixing of the l iquid phase and some of the gas phase occurs 18.t, 85 1 . 
I n  bubble column reactors, nozzles or spargers disperse gas. Bubble action provides 
agitation equivalent to that of mechanical st irrers. Usual ly  the height of the vessel IS 
greater than t\.\'ice the diameter. Height to diameter ration of 3 to 1 i s  common in  yeast 
production 184 J . However, when this ration exceeds 1 5 . effective interfacia l  area between 
the gas bubbles and the l iquid phase decreases rapidly J84,  85 J . 
An important fac tor in such systems is the superfic ial gas velocity, by increasing the 
superficial gas velocity, the hold up of gas, the interfacia l  area and the overa l l  mass 
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transfer coe flic lent increase. In order to Improve systems \\ i th low gas \ e loclt ies due to 
design parameters, red istribution of the bubbles is suggested \\ hich can be achieved by 
introducing horizontal perforated platcu. 
Flow regimes 1 11 bubble columns as sho\\ n in Figure (2 .7)  may be e i ther homogeneou 
flow or heterogeneous 110\\ . At 10\\ gas \ e loci ties, homogenous flow predom inates where 
the bubbles are e\ enl) distributed across the column cross-section and no back mixing of 
the gas phase however, the l iquid mix ing is  l im ited . Heterogeneous flow occurs at high ga 
\eloc i t les. During heterogeneous flow, back mix ing happens. This is because bubbles and 
l iquid tend to rise at the centre of the column whi le  at the same time l iquid down flows 
near the \\ aUs of the vessel producing a chaotic flow 18-' 1 . 
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2 .8 .2 .  A i rl i ft Reactor  Fcat u r  
Airl i ft reactors are another type o f  reactors that achieve their mix ing by means o f  ga 
parging. [here are no mechanical paris used. Appl ications that are famous of using airl ift  
reactors are culture of plant and animal ce l l s. munic ipal and industrial waste treatments. as 
wel l  as s} stems employing immobi l ized cata lysts or ce l l s .  This is mainl} due to 10\\ shear 
le\ els experienced in this reactor con figurat ion 18-1 1 . 
F lo" regimes in  air l ift  reactors d iffer considerably than bubble columns and this is mainly 
due to the different engineering design. As shown in Figure (2 . 8) ,  airl i ft reactor has four 
distinct zones. These are mainly the riser, downcomer, gas l iquid separator and the base 
where the gases reenter the riser. 
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The advantage of using an airl ift  reactor instead of a bubble column is the increased heat 
and mass transfer capaC l l) and a reduction of en erg) consumption for m ixi ng 18� 1 . 
The l iquid density d ifference between riser and do\\ IlComer is the dm ing force for the 
continuous c irculation around the loop. \\ here the gas bubbles in the riser are removed in 
the gas l iquid separation zone . There are two main types of a irl i fts reactors. the internal 
loop and the external loop reactor. Two examples of those are shown in Figure (2 .8) .  I n  
this im estigation. an external loop airl i ft  reactor i s  employed . 
I nternal loop reactors consist of a cyl indrical vessel .  The riser and the downcomer are 
eparated b) an internal baffle or draft tube. Whi le external loop reactors consist of two 
eparate vertical tubes, one tube i s  the riser and the other the downcomer. Short horizontal 
ections at the top and bottom connect these tubes. Because the riser and the downcomer 
are apart in  external loop airl ift  reactors than they are in internal loop reactors, gas 
disengagement is more effective. This  creates a greater density d i fference between the two 
sections result ing into a faster c i rculation. M ixing is usua l ly  better in an external loop 
reactor [84 1 . The mass transfer between gas and l iquid in the external loop airl ift reactor is 
lower than both internal loop reactor and bubble columns 184 1 . 
Another version of the i nternal l oop airl ift  reactor i s  the Deep Shaft reactor. This reactor i s  
bui l t  underground and capable  of deal ing with thousands of cubic meters of l iquid. The 
typical ratio  between the height and the diameter of airl ift  reactors is about 1 0 . I n  the case 
of the deep shaft reactor, this can be up to 1 00 [84 1 . 
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Chapter J Object h es &. [\lethodolo",_ 
O v e n  ie" a n d  G e n e r a l  O bj ec t i v e  
J� itrifying bacteria arc s low gro\\ ing ce l ls .  I n  practical tenns, this impl ies that cel l  \\ ashout 
can eas I l �  occur in t) pical wastewater treatment processes and e\ entual l) lead to a halt in 
the Il I tn fication process Ce l l  immobil izat ion can provide us the abi l i t) to retain biomass 1 11 
the reaction em ironment and a l lo\\ such bacteria to perfonn the i r  tasks, wi thout fearing the 
consequences of washout or intra bacterial spec ies competit ion. 
The aim of this study was first to carryout a thorough review for the cun-ent practices used 
in ni trogen removal in general and specifical ly biological ni trogen removal in wastewater 
treatment, identify the shortcomings, and try to address these issues. 
The objectives of the experimental work can-ied out in this i nvestigation were based upon 
three main i ssues. These issues represent the main pi l l ars of the work implemented and 
they are : selection of suitable material and suitable method for immobi l ization, recovery of 
bacteria l  activity after immob i li zation, and the extent of tolerance to load and pH shocks. 
The bulk of this investigation was based on study ing the effect of immobi l ization on the 
nitr ification rates, the effects of different experimental conditions, presence of inh ib i tors 
and effect of immobi l i zation technique employed on the whole effic iency of n itrification 
process. The major part of experimental work wi l l  focus on entrapment of n itrifiers in  PV A 
gel s  with an insight i nto the bui ld  up of nitrifier b iofilms on smal l  carrier partic les (natural 
or synthetic) .  The investigation wil l  a lso touch on stab i l i ty aspects of the immobi lized 
biomass, through either entrapment or  biofilms.  
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In addition. impl Ications of our findings \\ i l l  be presented in the context of kinetics and 
mass transfer effects on nitrification. The pract ical i ty of this technolog) in large-scale 
wastewater treatment wi l l  be evaluated. 
pcc i fi c  O bj e c t ive  
The majorit) of  published l i terature on nitri fication using immobi l ized ce l ls  d id  not touch 
largel )  the effect of the entrapping matrix on the rate of reaction. Logical ly,  as the matrix 
porosity decreases, the substrates and products d iffusion rates decreases and hence we 
would expect a s imi lar decrease in the rate of reaction. However, to what extent this 
happens. Moreover, how dense an entrapping matrix can be too dense for the bacteria to 
uf\ i\'e and perform their activities within  i t .  
This  investigation wi l l  provide new contribution to the l i terature pool in  the field of 
ni trificat ion using immobi l ized ni trifiers, specifical ly those entrapped in  PYA gels. In this 
work, we wil l  i nvestigate the immobi l iz ing polymer composition effect on the ni trifying 
community nitrification performance. Thi s  wi l l  be achieved by monitoring the period 
needed for recovery from the immobi l i zation procedure ,  the period needed for 
acc l imat ization to reaction environment and the nitrite l iberation levels  under batch process 
conditions. 
The study wil l  attempt to investigate the effect  of i nit ia l  ammonia concentration on the 
time needed for recovery and acc l imatization of bacteria that was stored for long t ime. 
Moreover. in l ater stages of the study, we wi l l  present our resul ts about the effect of init ial 
ammonia concentration on the tolerance of immobi l ized n itrifiers to load and pH shocks. 
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I n  addit ion. the study wi l l  also assess to what extent the entrapping matrix provide a 
protcction shield to the immobil ized cel ls  from drastic process conditions that can occur at 
any l ime III real \\ ustc\\ ater treatment plants . The stud) wi l l  a lso assess the bioma 
leaching potentIal of the di fferent composition ge l s  emplo) ed. 
Final l) . the stuO) \\ i l l  exam ine di fferent sol id calTiers e i ther synthetic or natural that can 
he used as biofi l m  earners. 
M otiva tion fo r e m p loyi n g  Nitrosomollas cel l s  
Although commerc ial bacterial cultures of  the hvo strains, Nitrosomonas europea and 
Nilrobacter agillis were avai lable ,  we tried to focus mainly on Nilrosol1lonas cel ls .  In fact. 
our choice to base this investigation on a single pure cu lture of Nilrosomonas was due 
everal factors : 
1 .  Nitrification process can be i nh ibi ted by free ammonia NH) . However, 
Nifrosomonas exhibit h igher tolerance to free ammonia concentrations than 
Nilrobacler, (Nitrosomonas i nh ibit ion range l i es from 1 0- 1 50 mg/l where 
Titrobacter ranges is much lower 0 . 1 - 1  mg/l) 1 1 6 1 . Therefore, in cases where high 
strength ammonia wastewaters were treated, we would expect accumulation of 
n itrite, which can have an inhibition effect on Nitrobacter in the range of 0.2-2 . 8  
mg I .  1 1 6 1 . I n  order to propose a better sol ution for ammonia removal, we wanted to 
study the optimal effect of fast removal of ammonia to avoid reaching i nhibition 
concentrations for any of the strains. 
2. In the l ast 5-8 years, the new trend in biological removal of nitrogen from 
wastewaters has been d i rected to a shortcut pathway. I t  is known that the 
nitrification process proceeds in two steps, first oxidation of ammonia to n i tr i te 
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fol lowed by ox idation of nitrite to ni trate by Nifro50monas and Xilrobacfer 
resp�cti\cl) . I hen a group of anaerobic heterotrophs reduce nitrate to nitrite and 
then nitrite to nitrogen ga 2 in the denitri fication step. The ne\\ approach being 
tudied in r�c�nt years \\ as to e l iminate the nitrite-nitrate step. so \\ e only go from 
ammonia to nitnte to nitrogen gas direct ly \\ ithout formation of nitrate. Several 
I I k d . h' 
. 
1 �6 87 88 891 Th' rescarc lers 00 'C mto t I S  pomt - ,  , , . I S  new technique was deemed to 
cause 1 )  25 °'0 reduction of oxygen requirements, 2 )  40°'0 187 1 reduction m 
carbonaceous sources for denitrification. 3 )  30-40% reduction in  reactor volumes 4) 
h igher denitri fication rates and smaller s ludge product ion 187 1 . Through the result 
of the current investigation, hopeful ly some valuable addi t ions would inform the 
sc ientific community on how to keep high active population of Nitrosomonas in the 
reaction em ironment, so as to enhance the short cut ammonia removal ,  sometimes 
ca l led s imultaneous nitrification denitri fication process via ni trite (SND). 
3 .  S tudying the immobi l ization procedure effect  on  mixed culture of biomass does not 
e luc idate largely the effect  of the method employed, or even the effect  of the 
reaction environment on each s ingle strain .  This i s  due to. in some cases. microbial 
i nteractions and intra ecological behaviors c an overcome the severe effects 
associated with immobi l i zation process. In  order to i dentify these effects, a single 
strain study was preferred. 
Meth o d o l ogy 
Based on the j ustification stated above, the bulk of the experimental work consisted of 
examin ing various immobi l ization techniques with Nitrosomonas ce l l s  and evaluating thei r  
appl icabi li ty and rel iabi l i ty aspects. 
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'I h i s  work was conducted mainly on bubble column reactors. with a fe\\ tests done using 
airl i ft rcactors. \\ hich can gi\c us a smal l  opportunit) to compare the k inetic data obtained 
from both and the effect of rcactor con figurations on the ni trification proce��. 
10nitoring substrate or product concentrat ion \\ ith t ime is our approach of evaluating the 
process and its di fferent dynamic propert ies .  Hence, a l l  the data obtained wi l l  be in the 
form of nitrite concentration or l i berat ion rate versus t ime.  The reaction medium pH \Va 
also monitored and served to interpret \\ here appropriate. 
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Before going into the detai ls  of experimentation and methods adopted, a f10\\ chart 
rcpresenteJ in fi gure (4 . 1 )  Je fines a l l  the experiments that were done, th is chart is s imply a 
tool that can help the reader to understand and smoothl)  fol lo\\" the scheme or experiment 
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Figu re (4. 1 ) :  Schematic diagram of experimental work carried out in  this i nvestigation 
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I though retention o f  biomass I n  mam case problematic. and needs add itional efforts to 
accompl ish the proper design of experimental conditions that fa\ or bacterial nouri slunent 
and activity ,  but immobi l ization of biomass became necessary in man) processe 
nowadays. In order to achie\'e high performance biocom ersions, immobil ization is the 
ideal solution and this was sho\YI1 to great extent in the l i terature review section. 
mentioned earl ier, throughout this work , two methods of biomass retent ion were employed, 
namel) entrapment in hydrogel matrix and adsorpt ion onto solid surfaces (biofilm 
bui ldup) . 
4.2 .  I m m o b i l i z a t i o n  w i th i n  Poro u s  Gel  M a trix ( E n tra p m e n t) 
This was the main method adopted for immobi l izing Nitrosomonas ce l l s  in this work. This 
method restricts the nitrifier ce l l s  in a specified container volume, and prevents them from 
being washed out of the system in case of continuous process. This method also enables 
continuous increase of biomass i ns ide the gel matrix ,  which promises continual increase in 
reaction rate. and nitr ification efficiency, in addition to the shie lded environment where 
Titrosomonas l ive in  protected from pH, and load shocks, which wi l l  be i nvestigated 
quantitatively throughout this investigation. 
The drawback of this technique -gel entrapment- is the mass transfer l im i tations 
represented by d iffusion of substrates (ammonia and oxygen in our case) ins ide the gel 
matrix and the d iffusion of reaction products outs ide the gel matrix .  Any starvation of 
substrates or accumulat ion might l ead to reverse effects and consequently wi l l  drive the 
reaction to reach inhib it ion concentrations. In  worst cases comp lete halt of the process can 
occur. 
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'atuml gel matnces l i ke alginates are biodegradable and subject to abrasion 1 �1 1 . \\ herea 
.oJ nthet lc gels have better mechanical propert ies and are not biodegradable. Industrial 
Jppl ications need stronger s) nthetic pol)  mers. \\ hich invoke chem ical po l) merization. 
I Iowever. in it iators. \\ hich are needed in the process of crossl i nk ing.  can cause loss of ce l l  
v iab i l i ty .  This  factor a lso g i \ es rise (0 bacterial toxic i ty concerns, and can complicate the 
immobi l ization procedure .  
Pol)"I inyl a lcohol CPV A) i s  a synthetic gel, which is widely used in ce l l  immobi l ization. 
ntrapment within pol)Tinyl alcohol CPV A) has been successfu l ly  demonstrated. and the 
freezing method i s  a simple technique, which does not involve chem ical i ni t iation 1 56 1 . 
Hashimoto & Furukawa, developed a new method for immobi l i zation of activated s ludge 
by using PV A cross- l i nked \\ i th boric ac id 1 591 . The beads showed high gel strength with no 
loss of b iological act iv i ty .  This method was also economic when compared to agar or 
acrylamide gel entrapment method�. 
4.3. I m m o b i l izat io n E x pe ri m e n ts (H yd rogel  E n tra p m e n t) 
Throughout this i nvestigation, natural and synthetic precursors were used .  Sodium­
Alg inate and Polyvinyl a lcohol CPV A) were the two materials used as porous gel carriers 
for immobi l iz ing n i tri fy ing biomass (NUrosomonas), and the method of cross l i nking i n  
case of  Na-Alg inate was dropping in CaCl2 solution and i n  case of PV A was the freezi ng 
method fol lowed by freeze-thaw cycles. PV A crossl inki ng using saturated boric aci d  and 
coimmob i l ization of PYA with a lg inate were also examined although it was not successful 
in establ i sh ing strong beads. Detai led explanation of all the methods employed wi l l  be 
provided i n  the next sections. 
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• �odium AlgJ l1ate Solution Preparation 
_% wi\\' of sodium alginate \\'as di ssoh ed in disti l led \\ atcr. About 1 0 9 of sodium 
alginate \\ as d l ssol \ cd I II 490 g o 1' \\'arl11 d ist i l led \\ �lter (60 °C) \\ ith s t i lTing (magnet ic 
s t i rrer). 
• t a lc ium chloride sol ut ion 
2% \\ \\ CaCh solution \\'as prepared. Nearly 2500 ml of CaCh was prepared by 
adding 50 g CaCh to 2450 m l  dist i l led water. 2500 ml is nearly twice or s l ightly more 
than the volume of  beads to be dropped in the solution. The volume was j ust enough 
for about 1 000 g of bead� .  
• Alginate bead extrusion 
A fter complete ly d issoh'ing the sodium alginate under st irring, i t  was left to cool, and 
then the cooled sodiun1 a lginate solution (500 g) was m ixed with the ce l l  s lurry (500 
m l) in  a l arge beaker using a g l ass rod to d isperse the cel l s  wel l .  By using a perista l t ic 
pump connected with a pipette as shown in  Figure (4 .2) the beads were a l lowed to gel 
with continuous st irring for 2 to 3 hours in  the calc ium chloride solution. Then the 
beads \','ere removed, rinsed in dist i l led water and stored in the refrigerator at 4 °C .  The 
beads were left overnight and were used in the reactor in the next day. 
The average bead diameter obta ined was about 3 .3  mm (average of 1 0  beads measured 
twice, i .e .  20 beads) and it can be roughly adjusted through the speed of pumping in the 
peristalt ic pump. The speed used to get this s ize was 1 0  rpm.  
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Figu re (4.2) :  Calcium alginate beads preparation 
ynthet ic  wastewater containing only ammonia with a concentrat ion of 30 ppm (NH4)2C03 
as NH3 which was prepared us ing 0 .508 g ammonium carbonate dissolved in 6 l iters of 
disti l led water. 
The reactor used was the airl i ft  reactor and the run with a lg inates beads lasted for 1 1  hours. 
Exper imental results are shown in section ( 5 . 7) and appendix (5 .3)  for i l lustrating photos. 
4.3 .2 .  PV A c ross l inking E xperiments & Trials 
I n  order to sett le  on the freeze-thaw method of gelation that was adopted throughout this 
investigation, we have gone through a long way of tria l  and error experiments for other 
crossl i nking methods mentioned in the l iterature .  The l iterature survey showed some 
conflic ts about the rel i ab i l i ty of some methods and we tried to perform the most repeated 
employed techniques in l i terature in our laboratory to c larify these conflicts. 
4 .3 .2 .a .  PYA Crossl i nk ing Using Saturated Boric Acid 
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ung-Koo K I Ill . et al . 164 1 managed to prepare PVA. beads b) dropPl Jlg a mi\:ture of I :  I 
\\'c igh basIs  frolll 30°,'0 PVA aqueous solution and nitri fier s lurry (4 . 5  % dry \\ eight) in  
'uturatcd bOrIC aC Id and thc) obtained spherical stable beads that \\'orked in thei r  sy stem 
employed for 60 day s I he P\'.\ used in the i r  i l1\ cst igation \\ as ( 1 00% saponi fication and 
degree of pol)  menzation 2000). 
\\'e tried to obtain s im i lar results but could not 30 % PV A aqueous solution \Va 
impossible to obtain in  the laboratory fac i l i ties we used . The PV A we used was from BDH 
(Laborator) suppl ies), wi th average molecular weight 72,000 and degree of hydrolysation 
> 98°'0, i . e .  the PV A we used had a degree of po lymerization of about 1 650.  The h ighest 
percentage of a very viscous solution we could reach was 25 %. This highly viscous 
o lution was extruded through perista lt ic pump, dropped in a saturated boric ac id under 
continuous magnetic stirring, and left for 24 hours in the boric acid solution under stirring. 
Detai led procedure employed for PYA cross l i n.k ing using saturated boric acid 
• PV A Preparation 
25% w/v .. , of PV A was d issolved i n  d ist i l led water. About 1 25 g of PV A was d issolved 
in  375 ml of warm disti l led water (60-70 °e, continuous heati ng during the whole 
disso lv ing process) with st irr ing. A glass rod was used, s ince a magnetic st irrer cannot 
work in this environment because of the high vi scosity). After completely d issolving 
PV A. it was left to cool inside the same water bath after turning i t  off. This was 
intended to let the coo l ing rate be as slow as possible to avoid hardening of surface of 
PV A v iscous solution. 
• Saturated boric acid solution. 
8% w/w boric acid solution was prepared. Nearly 80 g of boric acid in 1 l iter dist i l led 
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\\ atcr and dis50h cd on a hot plate then le ft to coo l .  Fe\\ cry stals are formed. B) 
decantat ion or f i l tration. saturated boric ac id effluent can be obtained. 
• PVA bead e'\truslon 
After completel) d l ssoh ing the PYA under Illanual stilTing. it was le ft to cool. and then 
the cooled P\'. \ solution (300 g) \\ as mixed \\ i th the cel l sl urr) (20 g thick bacteria l  
IU IT) di luted 1 11 300 m l  disti l led water). The m ixture \\"as homogenil.ed in a large glass 
beaker using a g lass rod to disperse the ce l l s  wel l .  
We  tried to extrude the thick solution using peristal t ic pump, but the results were 
disappointing and it did not flow even at very high flow rates. To overcome this 
problem, the same viscous solution was transferred to a primary configuration as 
hO\m in  figure (4 .3) .  This setup c losel y  looks l ike a separating funnel connected to 
compressed air l ine from the top and the bottom part connected to I m l  pipette to 
obtain smal l beads. The beads obtained were dropped in a continuously st irred 
aturated boric acid solution, and were left for 24 hours for complete gelation. White 
pherical  beads were obtained. These beads were then removed, rinsed in  dist i l led 
water. Unfortunately  once the beads are rinsed with d ist i l led water, they started to 
d is integrate and completely lost the ir  mechanical and shape integrity. If the beads were 
p laced back into the saturated boric acid, they tend to agglomerate and if put back i nto 
water, complete deformation occurs. Images i l lustrati ng these resu l ts are provided in 
section ( 5 .4) 
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Figure (4.3) :  PYA crossl i nking using saturated boric ac id - beads preparation 
4 .3 .2 .b .  PVA-Alg inate Cross l i nking Using CaCh 
A mixture containing 1 0% PV A and 2% sodium alginate [9 1 1 was stirred to be uniform.  
This  mixture was pumped by a peristal t ic pump through a narrow nozzle. Drops formed 
were fal l i ng i nto 40.,0. of CaCh solution, and formed about 3 mm diameter beads. After 
agitation and calc ification for 30 min .  CaCI2 solution was leached, and result ing beads 
were stored and frozen in a refrigerator overnight at about -20 °C . Gel partic les were 
thav.,.'ed at room temperature to i ncrease the mechanica l  strength of gel partic les. 
The same procedure mentioned above was repeated but with d ifferent composition; 5% 
PV A and 1 % Alg inate dropped in 2% of CaCh solution. 
Detai led procedure employed for PV A & Alg inate cross l ink ing using CaCh/freezing 
• PV A & A lginate Copolymer Preparation 
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5% w/w of P and 1 % w/w sodium alginate were dissolved in hot disti l led water. 
The beaker used was placed in 60-70 °c water bath. About 5 g of PV A and 1 g sodium 
alginate \\'ere di ssolved in 95 111 1 of v"arm dist i l led water (60-70 DC ,  continuous heat ing 
during the \\'hole m ixing process \\ ith hand sti lTing using glass rod .  The thick sol ution 
obtained was le ft to cool inside the same water bath a fter shutting it do\\ n .  
• Calc ium chloride solution 
2°'0 \\ /\\ CaCh solution was prepared. Nearly 300 ml of CaCh was prepared by 
add ing 6 g CaCh to 295 ml dist i l led water. 300 ml i s  nearly twice or s l ightly more than 
the volume of beads to be dropped in the solution. The volume was just enough for 
about 1 00 g of beads. 
• PV A-Alginate bead extrusion 
After completely dissolving the PV A-Alginate under st i lTing, i t  was left to coo l ,  and 
then the cooled PYA-Alginate solut ion was m ixed with the ce l l  s lurry in a large beaker 
using a g lass rod to d isperse the cel l s  wel l .  
Beads were extruded through the same configuration used in  PYA-Boric. The beads 
obta ined were dropped in a continuously  st irred cooled (4 °C)  CaC h  solution. They 
were left for one hour for gelation. White soft spherica l  beads were obtained. These 
beads were then removed, and frozen at - 20 oC for 24 hours then thawed and rinsed 
with d ist i l led water. then frozen again for 6 hrs and thawed. Unfortunately, once the 
beads are rinsed with dist i l l ed water, they formed agglomerations but d iffered from 
those obtained in the PV A-Boric case. A solution containing phosphate ions 
completely dissolved the bead agglomerations. Images that demonstrate the beads 
obtained before and after the freezing are given in resu l ts section (5 . 5 ) . 
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1 0. 1 5 , 20% solut ions of  aqueous PYA were prepared. The process of  solubi l ization unt i l  
complete d issolution is a lengthy and tedIOUS. r i rst step is  heating of the disti l led \\ ater that 
wi l l  be used to J I ssoh e PYA to 80 °C .  The addition of PVA powder must be step\\ ise. 
with conti nuous sl i rring in  a hot \\ ater bath to enhance and fac i l itate the di sso lution process 
(complete di ssolution process takes from 4-6 hours) .  A fter complete dissolut ion, the PYA 
thick. solution was l e ft to cool in  the same hot water bath n fter turning it off to increase the 
coo l ing time and decrease the cool ing rate. After many tria ls ,  we ha\ e found that if the 
cool ing rate is high. a hard fi lm of PV A with considerable thickness forms on the surface 
f the d issolved PYA. When the thick PYA solution reaches room temperature, i t  is poured 
into the spec i fied molds and placed in freezer at - 20 °C for 24 hours. and then it is taken 
out and thawed in the refrigerator at 4-6 0c . Thawing in a refrigerator and not at room 
temperature enables the thawing time to be longer with low thawing rate, and this enhance 
the crysta l l ine area formation more, thus increasing the mechanical strength of the obtained 
gels IH I . This process is repeated five t imes but with freezing time of about 5 -6 hours only 
in  each cyc le .  The formed PV A is  then cut into smal l  cubes using a sharp knife while sti l l  
frozen, as i t  i s  easier to cut i t  whi le frozen than t o  cut i t  whi l e  in  the gel form . I mages of 
the PYA gel at different stages of preparations are provided in section (5 .6) .  
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4 .4 .  Pa tte rn  of N i t ri fi c a t i o n  E x pe r i m e n t  
As pre\' iollsl� mentioncd i n  the objecti\cs and methodology, onl y the first stage of 
nitn licatlon was :;tudled. \\ hich is COI1\ crsion of  ammonia to ni trite us ing .\'11/,0.\01110/1(1::' 
ce l l s  Various ammonia init ial concentrations \\ ere used during the tests performed . I n  the 
fo l lo\\'ing table ( 4 . 1 ) , the di fferent tests and runs conducted wi l l  be described and coded. 
Table (�. l ) : Experiments Accompl ished & the COITesponding Conditions & Codes 
E :\. periment  Obj ect ive & Descript ion 
General  Tests (Assays) 
Protein  assa) for Bacteria l  S lurry 
Dry Biomass Determination for Bacteria l  S lurry 
B acteria l Activ ity Tests on Stored B ioma 
1 I NH3  solution & 2 g bac. s lurry ( I  ) ear after purchase) 
1 I N H3 solution & 2 g bac . s lurry ( I  5 ) ear after purchase) 
I I N H) solution & 2 g bac . s lurry (2 year after purchase) 
i tr ification Experiment 
Free Cel l  
Reactivation Experiments 
N H4-N HJ Gel  % 
co ncentrat ion  com posi t ion  
30 ppm 
30 ppm 
30 ppm 
2 I NH3 solution, 4 g bac .  slurry, BC I *, nutrients 1 00 ppm 
2 I NH3 solution. -+ g bac. slurry, BC 1 * ,  nutrients 300 ppm 
2 I NH3 solution,  4 g bac .  slurry, AL"', nutrients 1 00 ppm 
hock E xperiment 
I I NH3 solution, 2 g bac . s lurry, BC3*  1 00 -7 500 ppm 
1 I NH3 sol ution, 2 g bac . s lurry, BC3* ,  pH -!, 5 1 00 
Immobil ized Cel l  
Code 
NS-PC 
NS-DB 
NS-BA I 
NS-BA2 
NS-BA3 
NS-FC I 
NS-FC2 
NS-FC3 
NS-FC4 
NS-FC6 
6 I NH) solution, 6 g bac. s lurry, A L"' , 400 beads 30  ppm 2% Alg .  NS-AL I 
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Reacth a t io n  e x p e r i m e n t  
2 I N I  1 3  solut ion. 4 g bac slurry. 8 4  cubes, nutrients, B C  I * 
2 I N i l J sulutlon, .� g bac. slurry, 84 cubes. nutrients, BC J '" 
2 I :-J i l l  solution. � g bac. slulT) , 84 cubes. nutrients. BC I * 
2 I NH J solution. � g bac. slurr: . 84 cubes. nutrients. BC2 * 
2 I ;\H 1 Solut ll1n. � g bac. slurr: . 8-1 cubes. nutril'nts. I3C2 * 
2 I NI [1 solution. 4 g bac slurry. 8-1 cubes, nutnents. I3C2 * 
Load s h ock exper iments  
I I N I  I J  solut ion. 2 g bac � ;Iurf") . 42 cubes. BC3* 
I I NH) solut ion. 2 g bac slurry. 42 cubes. BC3 * 
I I N H 3  solution. 2 g bac sluff) . 42 cubes, BC3 * 
I I N H) solut ion, 2 g bac. slUff) ,  42 cubes, BC3* 
I I N J-I )  solut ion. 2 g bac. sluff)', 42 cubes, B C 3 *  
p H  s h ock experiments 
I 1 N H) solut ion. 2 g bac slurf") , 42 cubes, BC3 *, p I ! J- to 5 
I I NH3 solution. 2 g bac. slurf") . 42 cubes, 8C3 *, pH J- to 5 
I I N J[J sol ut ion, 2 g bac slurf") . 4 2  cubes, 8C3*, pH J- to 5 
I I N H J  solulion. 2 g bac. slurry, 42 cubes, 8C3 * ,  pH .L- to 5 
I I NHJ solut ion, 2 g bac. sluff")', 42 cubes, 8C3*,  pH J- to 5 
Be· = B ubble column. AL· = Airl i ft reactor 
All expenments \\ ere performed under Oxygen saturallon levels (DO 7 5 mgll) 
4.5.  N i trificat ion Tests 
4.5. 1 .  Free Cells N itrify ing Bacteria 
4 . 5 . 1 .a ,  Nitrifying free ce l l s  bacterial activity tests 
100 ppm 
100 ppm 
100 ppm 
300 ppm 
300 ppm 
300 ppm 
Chapter 4 ' l\ latenals & i\!ethod. 
1 0% PYA NS- P V l  
1 5% P V  A NS-PV2 
20% PV A NS-PV3 
10% PYA NS-PV4 
15% PYA 
20% PYA 
N�-PV5 
NS- PV6 
I OO � 500 ppm 1 0% PYA PV-S L I  
I OO � 500 ppm 1 5% PYA PV-S L2 
1 00 � 5 00 p p m  20% PYA PV-SL3 
300�500 p p m  1 0% PYA PV-SL4 
3 00� 500 ppm 1 5% PYA PV -SL5 
1 00 ppm 
1 00 ppm 
1 00 ppm 
300 ppm 
300 ppm 
1 0% PYA PV- P H I 
1 5% PYA PV- P H 2  
20% PYA PV- P H 3  
1 0% PYA PV-PH4 
1 5% PYA PV- P H 5  
I n  the pre l iminary stages of  the project, other activities were undergoing a s  l i terature 
review, design and bui lding the setups used. S ince the bacterial s lurry employed was 
bought earlier and kept in the refrigerator at 4-6 °c for more than six months , We 
developed this test to monitor i f  there is any significant loss in  the bacterial activity with 
prolonged storage t ime. This can provide useful information to wastewater treatment 
companies about the storage t ime (refrigerated she lf  l i fe) of nitrifying ce l l s .  The test is 
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s imply measuring the nitrite produced by a certa in amount of the bacterial s lurry (2 g), in 
30 ppm ("0!I 1�)2COJ as NH3 in a bubble column reactor. The test \\'as performed three times 
once c\ ery 6 months, and the codes [or the runs were NS-BA 1 (0.6 year after purchase). 
-BA2 (1 year a fter purchase), 1\S-BA3 ( l . 5 year after purchase) .  
4 . S . l . b .  Preparat ion of Macro and Micronutrients Recipe .  
utrients are essential factors for complement ing the biochemical pathways requi red by 
nitrifying bacteria, they are essential e i ther in a step of the ammonia oxidation process or in 
produc ing bacteria l  enzymes that perform the oxidation. 
The rec ipe adopted throughout this i nvestigat ion was used in most of the experiments 
involved bacteria l  growth, and in biofil m  bui ld up trials .  The macro and m icronutrients 
reci pe s imply contained : 
For 1 I of solution, 6000 mg NaHCO), 250 mg  K2HP04, 300 mg  MgS04.7H20, 1 20 mg 
CaCh.2H20. The m icro nutrients rec ipe contained : for 1 I of solut ion, 274 mg 
Na2Mo04 .2H20, MnCh.4H20, 2742 mg ZnS04 .7H20, 36 mg CuSO.j . 5H20, 30 mg 
CoCh.6H20, 7000 mg  FeSO .. .  7H20. Only 0 .5  ml of this standard m icronutrient solution is  
added to every l i ter of bacterial working solution. 
4 . 5 . 1 . c .  Ni tr ifier free cel l s  activity recovery tests 
These tests were performed using nitrifiers' free ce l l s .  Bubble column reactors were the 
reactors used for these tests (BC 1 ), with two main in i tia l  concentrations 1 00 and 300 ppm 
CNH4)2C03 as NH3, 4 g bacteria l  s lurry equivalent to 0 . 1 77 g dry biomass & 74,004 ppm 
protein was used for each run, and the runs were performed under growth conditions, i .e .  
the macro and m icro nutrients were avai lab le .  Continuous air supply  at a flow rate of 5-6 
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Ifm in  maintained a saturation level of dissolved oxygen. The system pH was kept in the 
opt imum region (7 .3 -8 . 3 )  by adding Na l IC03 buffer when pH reaches val ues below 7 . 3 .  
4 . 5  1 d .  Nitri fier free ce l l s  shock tolerance test 
I t  was supposed that shock tolerance Lest would be done on both bacteria l  samples 
prevIoLls ly exam ined for reactivation at 1 00 and 300 ppm. However, s ince the 300 ppm did 
not show any prom ising act ivi ty or sign ificant increase in  ni trite level  during the 
experiment design t ime, the test was performed on only the Nitrosomonas that was 
reactivated in the 1 00 ppm ammonia medium. 
The solution containing free bacterial ce l ls that was reactivated in  the 1 00 ppm ammonia 
solution was centrifuged at 7000 rpm for 30 minutes. The sett led part ic les were weighed 
and d ivided into 2 halves. Each half was placed in a bubble column reactor of the 
configuration BC3,  contai ning 800 ml of 1 00 ppm (NH4)2C03 as NH),  free of nutrients and 
left to nill for five days then the load or pH shock was appl ied after exactly 1 24 hours on 
each reactor and the response was measured for the next four days . The process was 
performed under oxygen saturation level 7 .5  mg/l ,  no pH adj ustment. Shock load test was 
done by i nstantaneous increase of the ammonia by using highly concentrated solution of 
CNH4hC03 so that the concentration of the solution after addit ion would be 500 ppm 
ammonia. In the pH shock,  0 . 1 M HCI was used to drop the pH to a value of 5 .  
4.5.2 .  I mmobi l ized Ni trifying Bacteria 
4.5 .2 .a .  PYA Immobi l i zed Nitrifier ce l l s  Recovery Tests 
These tests are the main core of this investigation, testing the c redib i l i ty and potential of 
using immobi l ized nitrifiers i n  PV A and the determination of the optimum PV A 
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composit ion was our main a im and goal .  The tests were performed using immobi l ized 
nitri fier biomass in PYA h) drogels prepared by the freeze-thaw method. Bubble column 
reactors were the reactors used for these tests, with two main init ia l  concentrations 1 00 and 
300 ppm (NT [ 4 )2C03 as NI-h Moreover, the macro and m icronutrients \,,,'ere avai lable with 
the same composition mentioned earl ier. The system pI  I was kept in the opt imum range 
(7 .3 -8 . 3 )  by adding NaI lC03 buffer when low pH « 7 . 3 )  was reached. Temperature of a l l  
reactors during the v, hole test period ranged from 24-24 .3 °C and the DO was maintained 
at saturation level (7 .5  mg/J ) .  A l l  reactors were fed with compressed air, which was 
introduced through ] mm inner diameter g lass tube with flow rate 6 IIm in.  
Previous investigations using PV A as immobil ization entrappi ng matrix ut i l i zed d ifferent 
array of composition % of PYA hydrogel ,  1 5% 162 1 , 20% 138, 60, 70 1 and 30% [64 1 , and even 
1 0% [ 9 1 1 when coimmobi l ized with alginate. None of these investigations addressed the 
reason of choosing the composit ion percentage employed and what are the expected effects 
of such matrices composit ions. In this study, three series of PV A compositions were 
prepared, comprising 1 0, 1 5  & 20 % aqueous PYA. We aimed at finding out the effect of 
composit ion matrix percentage on nitrification efficiency, biomass holding capacity and 
the extent of protective shield to the immobi l ized nitrifying biomass. The d ifferent series 
were prepared according to the quantities given in table (4.2) . 
Table (4.2) :  Different Compositions of PVA Used in  Ni tr ifying Cel l s  Immobi l ization 
Water q u a n ti ty - (%) I PYA q u a n ti ty - (%) I Biomass q u a n ti ty (sl u rry, d ry, Prote in )  - (%) 
1 0 %  400 ml  (89.3%) 40 gm (9%) (8 gm, 0 .354  gm, 1 4 8008 ppm) ( 1 .7%) 
1 5% 3 3 0  m l  (83%) 60 gm ( 1 5%) (8 gm, 0 . 354  gm, 1 48008 ppm) (2%) 
20% 3 00 ml (77.3%) 82 gm (2 1 %) (8 gm, 0 . 354  gm, 1 48008 ppm) ( 1 . 7%) 
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These different series were prepared b) heat ing the specified volume of  d isti l led v,,'ater t i l l  
80 °e then adding PYA and le ft in water bath with continuous st irring for about 6 hours t i l l  
complete sol ubi l ization. i t  \\ as then left to cool down while turning off the water bath. then 
rcmo\ ed and le ft to reach r00111 temperature. A fter being at 25-28 °e, the spec i fied weight 
of bacterial S l urI,) was added a fter being solubi l ized in considerable amount of water 
ounted from the in itial amOLlI1t of water used to dissolve the PYA. The m ixture was sti rred 
t i l l  complete m ixing and un i form. homogeneous, c lear. yello'v\', thick s lurry was reached, 
and then it was poured in molding cubes and placed in freezer for 24 hrs at - 20 °e, then 
taken out of freezer and placed in the refrigerator at 4-6 °c for thawing, then frozen and 
thawed again ,  and so on. This cycle  was repeated 5 t imes. S imi larly, second & third series 
were prepared, according to the specified quantit ies i l lustrated in table 4 .2 .  
The rectangular shape mold cups had the fol lowing d imensions 3 .5  x 2 x 2 cm .  1 4  cups 
were fil led for each series. After completing the freeze-thaw cyc les, each cup was cut into 
smal l  pieces \vith a total number of 1 68 cubes per series of PV A, with d imensions 1 x 1 x 
0 .8  cm .  
The experiments were designed as  fol lows; each PV A series containing entrapped n itrifiers 
wi l l  be examined at two d ifferent init ia l  ammonia concentrations, namely 1 00 & 300 ppm 
(NH4)2C03 as NH3 with a total of 6 reactors. A total of 6 runs were given the fol lowing 
codes NS-PV#, ( 1 ,  2, 3)  stands for 1 0, 1 5 , 20 % PV A that were working with 1 00 ppm 
init ia l  concentration, whi le (4, 5 ,  6) stands for 1 0, 1 5 , 20 % PYA that were working with 
300 ppm i ni t ia l  concentration (Al l  the run codes are mentioned in table 4 . 1 ). Each one of 
these reactors wi l l  contain 84 cubes of PV A entrappi ng Nitrosomonas ce l l s . These 84 
cubes contain  4 g of bacterial s lurry equivalent to 0. 1 77 g dry biomass and 74,004 ppm 
8 1  
protein content . Protein assay was done once enr) \\eek as a measure for bioma 
leachll1g. 
Each reactor had J certain \\·orI.. l I1g \ olume 1 650 111 1 for -PV l ,  -PV2 and 1\:S-PY3 
and 1 700 ml  for -PV .. L -P\,S .  and -P\'6. Al l  reactors \\ ere compensated for 
e\ aporation loss dai l ) . by refi l l i ng to the same work ing vol ume with the same working 
'olution to maintain the same \ olume. This means that at the first days of the experiment 
tartup, the load of ammonia was increasing and not 1 00 ppm because the bacteria did not 
oxidize any ammonia yet and hence, the level of ammonia is i ncreasi ng s l ightly because of 
these dai ly  addit ions. The average rate of loss was about 40-70 ml per day. Reactors 
working with 1 00 ppm init ia l  concentration were cyl indrical in shape and made of g lass 
with 8 .5 cm inner diameter (BC I ), whi le those working with 300 ppm init ia l  concentrat ion 
were a lso cyl indrical in shape. but made of Plexi-glass (commercia l  PMMA) and with 6 
cm inner diameter. The duration of this experiment (examining the reactivation time) 
l asted for about 24 days. 
4 . S . 2 .b. PYA Immob i l ized Nitrifier cel l s  Shock Tolerance Tests 
These tests were performed on the same PYA immobil ized nitrifiers that just retained thei r  
activity .  The setup used for this experiment was previously prepared. and the time taken 
between react ivation experiment and start ing this experiment did not exceed two hours. 
The shock tolerance experiments were performed in a s imil ar solution (same concentration 
of substrate) to the one they were react ivated in,  but free from macro and m icronutrients. 
Again, bubble column reactors (BC3) were used in these tests. PV A cubes entrappi ng 
n i trifying biomass previously reactivated were divided into two equal halves, one for 
testing the load shock and the other half for the pH shock (42 cubes for each test) . Shock 
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load test was done b) I Ilstantaneous increase of the ammonia b) using highly concentrated 
'olution of (",J T4tCOj so that the concentration of the sol ution after addition would be 500 
ppm . I n  the pH shock. 0. 1 rvl HCI \\ as used to drop the pI I to a value or 5 .  
-l 5 2 c .  Calcium Alginate Immobil ized Nitri f) ing Bacteria Acti, i t) 
Nifrosomol7os \\ ere tested for their ni tri fication activity whi l e  immobi l ized in  calcium 
alginate. The tests were performed in  both bubble column and a i rl i ft reactors , with 
concentration reaching 30 ppm (NH-I)2C03 as NH3 . The tests were done under no growth 
conditions. i . e .  free of nutrients and the period of the test do not exceed 1 day . This test 
was mainly designed to check the reactor configuration effect in aeration efficiency, 
d iffusion rates and mass transfer effects that might resu l t  form the d ifferent flow regimes 
experienced in each configuration. 
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4.6 .  B i ofi l m  Test  
e\ crnl experiments were conducted as a trial to bui ld biofi lm of nitri fiers on di fferent 
array of solid surfaces� \\"c used both natural (bJsalt) and s) nthet ic (plex i ,  pol)  acrylam ide, 
PET. pol)  urethane) sol I d  carriers for these cxper ImcnL. 
4.6 . 1 .  Na t u ra l  S u p port  fo r B i o fi l m  Fo r m a t i o n  
B asa l t  
At the beginning, \\ e tried to  find out a natural endemic material that can be used as  a sol id  
arrier for the bui ldup of Xitrosomonas biofi lm .  From the l i terature survey, we found out 
that Xirrosolllonas tend to be attracted to surfaces having a partial positive charge. 
1oreover. after a thorough search, on the materials used in l i terature and those avai lable in  
the surrounding environment in  UAE that have features of being econom ical ly  feasible and 
haying partial posi t ive charge is basal t .  
Basalt i s  an igneous rock,  britt le and has a density 3 .0 1  g/cm3 13.1 1 . Basalt rocks were 
brought from locations near the UAE University-l imi  campus, and they were broken by 
hummer to smaller part ic les .  The part ic les were segregated according to s ize by means of 
meta l l i c  series of sieves. The appropriate s ize that we chose to work with l ied between 
2 .45-3 . 5  mm.  The part icles obtai ned \\'ere washed thoroughly, dried, weighed and cow1ted. 
A 1 2  1 cuboid tank was used as a container for basalt and nitrifying biomass. 1 0  l i ters of 
micro and macronutrients were prepared containing, 1 0% by weight basalt, 20 ppm 
(NH4)2C03 as NH3, 20 g bacterial s lurry was added to the system . The system was aerated 
by means of air pump l i ke those used for ornament fish tanks. The supplied air was 
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introduced to the tank through a 2 mm inner d iameter perforated tube wi th 1 5  cm length 
and having a t iny' ori fice c\ cr) 3 cm producing air bubbleu. 
The experiment ldstcd for 64 days and the basalt part ic les \\ ere stagnant al l the t ime in the 
bottom of the tank \ Jkr this period. a sample of part ic les were taken Ollt and examined by 
naked eye and by optical microscope. I t  \vas noticed that \\ hen we take a sample of the 
particles using a spatula a \\ hite fi lm becomes detached whi le removing the partic les out of 
the solution. Naked e\ e examination and m icroscope examination did not show any 
presence of biofi lm or bacterial cel ls on the surface. 
4.6 .2 .  Synthetic S u pport for Biofi lm Formation 
(PI\l MA, Po lyacry lam ide, PET, Poly u rethane) 
un e), of polymer sol id materials that can be used as biofilm carriers was carried out. 
The main feature that we have taken care of in our sun'ey was the buoyancy. Many of the 
potential materials had density lower than the density of water, which creates a problem if 
bei ng used as moving biofi lm carriers in the reactor envirorunent. This i s  because they tend 
to float on the water surface .  
Hence. the materials that were avai lable in hand to work with and that overcame such 
buoyancy problem was PMMA part icles (prepared by breaking down PMMA sheets & 
surface roughening of the result ing partic les), polyacrylamide rods that were cut into small 
pieces, PET (Polyethylene terephethalate b i l lets that are used in  transparent bottles 
manufacture), and Polyurethane sponge cubes. 
The part icle s izes that were used of these materia ls were in the range of 2-5 mm except for 
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polyurethane cubes that were in the shape of cubes I x I x I cm. We had an array of 
outside shapes of these part ic les :  they were almost irregular shapes ranging from smal l 
cubes. cuboids and C) l inders. 
' J he experiments were as fol lows : PMi\.IA, Polyacrylamide and PET partic les were washed 
thoroughly. dried and three di fferent batches were prepared . These batches di ffered for 
material in  each. Therefore, along the three batches, one contained 5 g, the second 
contained 8 g. and the last batch contained 1 2  g of solid support materia l .  A l l  the batches 
were contained in 1 00 ml dark brown bott les that were covered with black plastic sheet to 
prevent penetrat ion of l ight. 0.5 g of bacterial s lurry and 50 Ill i of macro and 
micronutrients \",ere added to each bott le .  The bott les were left uncovered for aerat ion and 
they were placed on a shaker for more than 50 days for build up of biofi lm.  Sample of  
part icles was taken from each bottle and examined under an optical microscope. 
Polyurethane was examined for biofi lm buildup in the same way we adopted in examining 
basalt .  About 1 50 cubes of polyurethane was washed thoroughly, dried and sanitized by 
ethanol .  They v"ere p laced in a 1 2  I cuboid tank .  The partic les tended to float, so a plastic 
mesh was fixed nearly in the middle of water height inside the tank so as to keep a l l  the 
particles tota l ly  immersed i n  the water. 1 0 l i ters of micro and macronutrients were 
prepared containing 20 ppm (N1-Lt)2C03 as NH3, 20 g bacterial s lurry was added to the 
system. They were aerated with the same system previously used in basalt examination and 
they were left running for 80 days. Po lyurethane cubes were taken out and examined for 
presence of  biofilm or bacteria l  colonies by using scanning e lectron m icroscope (SEM). 
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4 . 7 .  R e a c t o r  n fi g u  r a  t i o n m p J oyed 
� .7. 1 .  B u b b le Co l u m n  Reactor  System 
lvl any bubble column configurat ions were uscd throughout this i ll\ cstigation. Each specific 
test was d(lne I II measuring C) l inder- l ike reactors. The configurat ions used \\ ere as [ol lows: 
I .  T\\'o l i ters g lass C) l inder with height 4 8  cm and diameter 8 .5  C lll (height-diameter 
rat io, 1 : 5 5), the working vo lume in this reactor was 1 800 Ill I and the height of thi 
watcr col umn was 35 cm ( B e l ) .  
" 
(commercial  PMMA) cyl inder with height 60 em and diameter 
6 cm (height-diameter ratio, 1 : 1 0), the working volume in this reactor \\'as 1 750 
m l  and the height of this water column was 55  cm ( Be2) .  
One l i ter gla cyl inder with height 40 cm and diameter 6 cm (height-diameter 
rat io ,  1 : 7), the working volume in this reactor was 800 ml and the height of this 
water column was 30 cm (Be3). 
The above height to diameter ratio can be considered as typical for bubble columns as 
previously  mentioned. Moreover, oxygen saturation level was maintained in a l l  the 
experiments t ime. A l l  these experiments were run in the laboratory at ambient temperature 
(24 °C), and the reaction did not have noticeable effect on the reaction environment 
temperature. The reaction environment temperature was continuously monitored by a 
d igital thermometer. Compressed air was suppl ied via air compressor (ABAC) at 2 bar 
pressure. The compressed air was passed through a pressure regulator (Vickers). The a ir  
flow rate was contro l led by a gas flowmeter (range 0-5 and 0- 1 0  lImin) (Platon). The air 
was bubbled through long glass capi l l ary tube produc ing bubbles in  the s ize range 0.5-3 
mm bubble diameter at the bottom of each reactor. The immobi l ized bacteria were kept in  
continuous motion by air  bubbles, thus providing uniform and complete mixing. Images of 
the employed bubble columns are shown in F igures (4 .4 & 4 .5)  
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.4. PV A c rossli n ki o g  with satu rated boric acid experi m e n t  results 
I 
he results of thi s experiment were disappointing in the time that many researchers (45, 59, 
,] stated that they were successful in obtaining strong beads of PV A crossl inked with boric 
cid . The results we obtained in this investigation was completely the opposite. The results 
e obtained were in accordance with what has been mentioned earlier in our literature 
eview (65 - 701 . The beads obtained were labi le, unstable, not behaving l ike a hydrogel and 
issociate when washed with disti l led water after being left in saturated boric acid for 24 
ours. Moreover, they formed agglomerates while being crosslinked. The pictures shown 
n Figures (5 .3 1 - 5 . 35) clearly demonstrate these results. 
Figure (5.3 1 ): PYA beads forming agglomerates in saturated boric acid solution. 
Figure (5.32): PV A beads starting to dissociate after washing with dist i l led water 
1 36 
Figure (5.33): PYA beads regaining t heir agglomerate structure after being put back i n  
saturated boric acid solution after washing 
Figure ( 5.34) :  PYA beads start i ng compl ete d issociat ion in dist i l l ed water 
Figu re ( 5.35): PYA beads starting compl ete d issociation in d ist i l l ed water 
1 3 7 
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.5. PV A co-i m m obil ization with a lgi n a te & c ross l i n ki n g  with CaCh 
nother method of PV A crossl inking was adopted here in our investigation, involving 
immobi l ization with alginate 191 1 and crossl inking by means of two treatments: first 
aCh then freeze-thawing treatment 
he results were not much better than what we obtained in the case of boric acid treatment . 
t the beginning, nice beads were formed in the solution. The beads were then transferred 
nto a freezer at -20 °C and after being thawed the beads started to act as if they were 
elt ing and formed a thin fi lm that kept all the beads connected as shown in the picture 
figure 5 . 36).  We tried to modify the process by dropping the copolymer (PVA + Alginate) 
in a cold bath of eaCh that was left in the freezer for 4 hours to enhance the resulting 
beads, but this treatment did not differ significantly from the results obtained earlier. 
r.Introducing a phosphate salt to the dist i l led water used in washing completely dissociates 
the bead integrity and a clear solution is obtained with no signs of beads at al l .  The purpose 
of choosing (P04) is because it is an abundant radical in wastewater streams (synthetic 
detergents), and beads that are not resistant to it are useless in practical appl ications. 
Figure (5.36): PYA + Alginate beads after being thawed 
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5.6. PV A c ross l in  ki ng via freeze/thaw cycle 
l'he P prepared by freeze/thaw cycles was very stable, with good mechanical 
propertIes, high swel l i ng and d i ffusion propert Ies PYA cubes with d i mensIons 1 x 1 x I 
cm when completely dried possess a transparent golden yel low color In addit ion, when 
t hey are in a hydrogel form, they have dark off-white color and when t hey are frozen, t he 
have a white color PY A cube wit h the aforement ioned d i mensions can lose thelr water 
content completely when left at room temperature in 24 hours, and can swel l back to i t  
normal size when sv. el led i n  d i st i l led water for 2 hours The ratio of size between the 
mpletely dry PYA cube and the swel l ed one i s  about 1 3 Moreover, t he dry PYA cube i 
xtremel y hard l i ke a stone, whi le t he swel led P cube i s  very soft, flexib le  but with a 
h igh mechanical i ntegrity A very sharp cutting edge l i ke a t h i n  edge knife or a sharp 
having blade can cut i nto the cube. The fol l owing Figures ( 5 . 37  - 5 39) are pictures taken 
duri ng the experiments and support t he above observat ion 
Figu re (5.37):  White PYA b lock j ust comi ng out from freezer 
Figure (5.38):  Dark off-white/golden yel low PYA b lock after being t hawed 
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Figu re ( 5.39) :  Dark off-white PYA cubes after bei ng swel led 
5.7. A lginate c rossl i n ki n g  usi ng CaCh 
odium alginat e  was used in  order to prepare alginate beads containing nitrifier cel l s  The 
beads formed were white i n  color and to some extent transparent, the average bead sIze 
was 3 3 mm Pictures of the beads formed are shown below in Figures ( 5 40) 
Figu re ( 5.40):  White transparent algi nate beads prepared 
1 40 
Figure ( 4.4 ) :  Image of bubble column configurat ion set used for react ivation ( Be l ,  2 )  
Figu re (4.5):  Image of bubble column configurat ion set used for shock tolerance ( Be3 ) 
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-t.7 .2 .  A i rl i ft  Reactor S� s tem e m p loyed 
T\\'o airl i ft reactor systems were built (homemade reactors). The materials used for 
oJ1structlOJ1 \\ ere mainl) PM heets. PY tubes. Both reactors had a 
working volume of six l i ters \\ ith external loop conligufUtion. "I he choice of  Pt-.lf-. IA for 
construction was intended to enable yisual ization of the flow patterns inside the reactor. 
The reactor used is shown in schematic diagram Figure (-t .6, 4 . 7) .  
Alwniniwn 
pip e 
45 e m  
1 - ' - ' - ' - ' -;0 - ' - '  
1 5  em 
.L . _ . _ . _ . _ .:" . _ . _  
90 e m  
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. . . . . . . . � 
1 5  e m  
g e m 
5.5 e m  
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Figu re (4.6):  Schematic diagram of air l ift reactor used in  this i nvestigation 
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In the design selected, some factors \\ere taken care of to avoid any problems during the 
operat ion Such fdctors include smooth flow of the solut ion and bacterial carriers and 
e l im ination or an) dead zones in the reactor em ironment. Dead zones can be e l Im inated b) 
increasing airllow rate, but this might lead to high erosion, abrasion and col l i sions between 
carriers and each other and bct\\ een carriers and the reactor bod) . � lorco\ er, greater shear 
forces wi l l  arise espec ia l l) i f  we are operating biofi lm carriers, so \ve tried to approach 
other ways of deal ing \\ ith these factoL. 
For achie\ ing smooth flow and e l im ination of dead zones, two 45 degrees sheets were 
placed at the bottom corners of the gas l iquid separator tank, the main purpose of these two 
heets were to keep a homogeneous, smooth flow and e l im inating the dead zones that may 
resul t  from sett l ing of the bacteria l  carriers. Another smal l  prism was placed in the region 
bet\\'een the d0\\11comer and riser to fulfil l  the same purposes we mentioned. The base 
region included a tap for emptying the system , The tap was fixed in such a way that does 
not leave any protrusion, which m ight lead to e ither break ing of bacterial gel carriers or 
destroying biofilm surfaces when co l l i s ion with i t  occurs .  
The gas-l iquid separator was simply a rectangular tank and the two bottom comers were 
adjusted with two 45 degrees as previously  i l lustrated. 
Compressed air was suppl ied via air compressor (ABAC) at 2 bar pressure . The 
compressed air was passed through a pressure regul ator (Vickers). The airflow rate was 
control led by a gas flowmeter (range 0-5 and 0- 1 0  lImin) (platon). The air was sparged 
using an aeration stone, which produce considerably smal l bubble s izes (0 .3-2 mm bubble 
diameter) which were better for mass transfer of oxygen and smooth flow of the solution 
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around the reactor. fhe air  was fed to the aeration stone through Aluminum pipe inserted 
from the top of the reactor into the riser tube . 
rhe height of riser and do\\ ncomer was 90 cm and their  diameter was 5 . 5  cm.  The width of 
the ga<;-l iquid separator was 5 cm. its length was 50 cm and its height was 45 cm. the two 
45 degrees sheets were placed at 1 5  cm from the corner in each side. 
o 
., 
I 
Figu re (4.7):  Air l ift reactor used in  this i nvestigat ion. 
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4.� .  ASSa�  
... . 8 . 1 .  ,\ i t rogc n - "i i t r i tc  Det c r m i n a t i o n  
ColorimetrIc method \\'as used to  measure ni trite in  solution. The reaction bet\\ een 
ulphan i l i c  aC id and ni trite g i\Cs a diazo compound, which couples \\ ith l -naphthylamine-
7-sulphol1 1c  acid (C le\e's acid) form ing a purp l i sh-pink azo dye. 
E q u i p m c n t  
pectrophotometer (UV Phi l ips, PU 8620 a t  520 nm) and ce l l s  (Pye unicam, UV/vis ible .  
1 0  mm, F .O . )  
h c m ica l  
• :-iulphani l i c  ac id ,  AnalaR, ( BDH) 
• 1 -Naphth) lamine-7-sulphonic ac id, 97% (F luka) 
• Glacial acetic acid,  GPR CBDH) 
• :-iodium nitrite, AnalaR (BDH) 
Reagen t 
• Sulphan i l i c  acid solution: Dissolve 0 .5  g of sulphani l i c  acid in  a m ixture of 1 20 m l  
of d i st i l led water and 30 m l  o f  glacial acetic acid .  S tore i t  in  the dark. 
• I -Napthylamine-7-sulphonic acid (C leve's acid solution): Dissolve 0 . 1 g of 1 -
apthylamine-7-sulphoni c  acid i n  30 m l  of glacia l  acet ic acid  and add 1 20 m l  of 
water. Store i t  in dark. 
• :-itandard n itrite solut ions 
• N itrite stock solution : Dissolve 0 .493 g of sodium ni trite i n  water and d i l ute with 
water to the mark in  1 l i ter volumetric flask. M ix wel l .  
• Nitrite working solution : P ipette 1 0  m l  o f  ni trite stock solution i nto 1 l i ter 
volumetric flask, and d i l ute with water to the mark. Mix wel l .  1 ml of solution 
conta ins 1 !!g ofN-ni trite . This solut ion sha l l  be prepared immediately before use . 
Method 
1 .  Measure a volume of sample (up to 40 ml) that contains less than 1 5  mg of N­
ni trite into a 50 m l  volumetric flask and di l ute to about 40 m l  with dist i l led water. 
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2. Add 2 ml sodium hexametaphoshate solution and mix .  
3 .  Add 2 m l  l -naphthylamine-7-sulphonic ac id and mix .  
4.  Di lute to the mark \\ ith \\ ater and mix again 
5. Al lo\\ standing at room temperature for 45 minute 
6. Read absorbance at 520 11m against blank .  
B l a n k  S o l u t ion 
B lank solut ion should be set up using the med ium in which nitrite i s  suspended in the test 
ample. In this case, it is dist i l l ed water. 
Cal ib ration graph 
Use a series of  50 ml-volumetric flasks. Prepare the solutions usi ng the ni trite working 
o lut ion as described in table (4.3) and treat them fol lowing the above steps. 
Table (4.3) : Solution composit ions employed for cal ibration graph 
Flask Nitrite working solu tion (ml) N itrite-N content in  the flasks (Ilg) 
1 3 3 
2 6 6 
3 9 9 
4 1 2  1 2  
5 1 5  1 5  
B l a n k  0 0 
P lot a cal ibration graph of optical densities obtained against the N-nitrite content (plots are 
shown in Appendix DDF). 
Treatment of Res u lts 
Read off the n i trite-N content in microgram ' s  from the cal ibration graph . 
N i trite (expressed as N)  = [Ilg N / ml  of sample] (ppm) 
4.8.2. Protein Determination - Lowry Protein Assay 
Colorimetri c  method to measure protein in  solution, ( In  House method). 
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E q u ip m e n t  
p�ctrophotoI1lcter ( l  V Phi l ips, PU 8610 at 750  nm) and cel ls  ( p )  e unicam, UV v is ib le. 
1 0  mill , F.O. )  
hemica l  
• '>odium carbonat�, GPR (BDH) 
• '>od lUm hydro:-.ide. GPR (BDI f )  
• l opper sulphate, GPR (BDH) 
• '>odium sulphate, OPR (BDH) 
• "odium tartrate, OPR (BDH) 
• Fol in-c iocalteu reagent 2 .0  N (BDH) 
• Bovine a lbumin, fraction V (BDH 
Reagent  
• LO\\Ty solution A :  Dissolve 4 .0  g of sodium hydroxide in  water, add 20 g sodium 
carbonate. d i lute with water to the mark in I l iter volumetric flask. 
• Lowry solution B: D issolve 1 .0 g sodium tartrate in  water, add 0.5 g copper 
sulphate, d i lute to the mark in 1 00 ml volumetric flask. 
• LO\\T)' solution C :  Mix 50 m l  LO\\TY A with 1 ml  Lowry B (make up dai ly) .  
• Working Fol in  reagent ( 1  N) :  Mix 1 m l  Fol in reagent with I m l  water. 
• " tandard protein sol ution: Dissolve 0 . 1 g bovine a lbumin  to 400 m l  with water. 
M ethod 
• Put 1 .0 m l  protein  solution i n  a test tube conta ini ng less than 250 I-lg and add 5 .0  m l  
LO\\TY solution C .  
• Mix wel l, stand tubes at room temperature for 1 0  m inutes. 
• Add 0 .5  m l  working Fol i n  reagent 
• M ix wel l , stand tubes at room temperatures for 30 m inutes . 
• Read absorbance at 750 nm agai nst b l ank. 
Blank So lu tion 
B lank solution should be set up using the medium i n  which ni trite i s  suspended in the test 
sample .  In this case, d isti l led water is used s ince ammonia or n itrite does not i nterfere with 
the assay. 
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Ca l i b ra t i o n  gra p h  
LJse a series of  test tubes. Prepare the sol ut ions using the standard prote i n  sol ut ion a 
desc n bed i n  table (4 ..+ )  and treat them [ol lo\\ ing the abo\'e steps. P lot a ca l ibrat ion curve 0 
the optica l densi t ies  obta ined agai nst the prote i n  content (cal ibrat ion curves are shown i i  
A ppend ix  1 ) . 
Treat m e n t  o f  Res u l t s  
Read off the prote i n  content i n  ppm from the ca l ibrat ion graph.  
Table (4.4) :  Solut ions for ca l ibrat ion graph 
Tu b e  Stand a rd protein solution (ml) W ater (ml) Final protein concent ration (Ilg/ml) 
1 0 . 1 0 .9 25 
2 0.2 0 .8  50 
3 0.3 0.7 75 
4 OA 0.6 1 00 
5 0.5 0 .5 1 25 
6 0.6 0.4 1 50 
7 0.7 OJ 1 75 
8 0 .8  0 .2  200 
9 0.9 0 . 1 225 
1 0  1 .0 0 250 
B l a n k  a 1 .0 a 
4.8.3. D ry \Veight  Est imat ion 
This method estimates the content of biomass i n  a sample of ce l l  s lurry. The cel l mass is  
removed from a known amount of ce l l  suspension by fi l tration. The ce l l  mass is then dried 
and the ce l l  content in the original sample can be calculated. 
E q u ipment 
• Fi l ter papers (0.45 m) 
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• F i l ter funnel and fl ask 
• Balance 
l e t hod 
• Pre-dn' ti l ter p.lpers ror accurak results. fi l ter papers must be pre-dried . as an) 
amount or moisture wi l l  influence the resul ts .  P lace fi lter papers on a glass Petri 
dish and d l') oycrnight at 80 °C .  A fter dr) ing, store in a dessicator. 
5 Weigh dr) fi lter paper to 0. 1 mg. 
• Weigh a knO\\ll volume of the ce l l  suspensIon. 
• P lace fi lter in funne l .  Add the measured cel l  suspension and al low to get fi l tered . 
• When fi ltration is  complete. remove filter and place on glass dish. 
• Dry fi l ters overnight at 80 °C .  
• Weigh filters to 0. 1 mg. 
• P ut the fi lters back to the oven and repeat steps 6 and 7 [or a couple of days to 
make sure that a l l  water has been successfu l ly  removed . 
Treatment  o f  resu lt 
The amount of biomass i s  estimated by subtract ing the wei ght of fi lter from the total 
weight of dry mass and filter. Dividing this value by the mass of cel l  suspension used for 
the test the b iomass per unit mass of s luny is  estimated.  
4.8A. Morphological  Exam inat ion (Scanning E lectron Microscopy) 
The scanning e lectron m icroscopy was carried out in  the Central Laboratories Unit (CLU) 
in the UAE U niversity. 
The PYA cubes were rinsed with d isti l led water and fixed with 2 .0% (w/v) g lutaraldehyde 
solution for overnight to a l low for complete penetration i nto the gel .  The fixed gel beads 
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were then dehydrated by sequential im mersion in increas ing concentrations of acetone ( 50. 
70,  80. 90% w/v) , and two times in anhydrous acetone to remove the final traces of \vater .  
The dehydrated heads \\ ere then l e ft to dry for 2 hours at room temperature . The 
su bSL'quent sam pies \\ ere cut in hal f \\ i th a steri Ie scal pel ,  coated wi th go ld in a fine coater 
(11 :0L- JFC 1 200, Japan), and e:-.ami ned using a scanning e lectron mic roscope (JEOL­
JSM 5600, Japan). 
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I n  this  section. tht! summar) results from the e'\pcriments conduc ted wi l l  be presented and 
analyzed by means of graphs and pictures. Detai led experimental results can be seen in th 
form of tables in the appendices section. The hierarchy of the results and d i scussion section 
wi l l  be as fo l lows: 
• I'\. itrification tests 
• Free Cel l  
- Bacterial activity results (Short-term experiment) * 
- Free ce l l s  reactivation (Long-term experiment) * * 
- Free hock tolerance (Long-tenn experiment) * *  
• Immobil ized Cel ls  (PYA) 
- Immobi l ized ce l l s  reactivation (Long-tem1 experiment) * *  
- Immobi l ized ce l l s  shock tolerance (Long-term experiment) * *  
• PYA C rossl inking 
• Cross l inking using saturated boric ac id 
• Coimmobi l ization with Na-alginate and c rossl i nk i ng using CaCh 
• B iofilm Growth 
• On natural material (Basalt) 
• On synthetic material (Polyacrylam ide, PET, PMMA, Polyurethane c ubes) 
* "hort term extended up to 24 hours 
* *  Long term extended up to 250-600 hours 
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" . 1 . F ree  Nitrosol1lon([ I I  i t r i fi c a  t i o n  Test  
5 . 1 . 1 .  N i t r i fien. Bac ter ia l  Act iv i t) Tes t 
As we pn!\ iousl) stated , the bacterial s l urr) uti l i zed in  this im estigation \\as kept in  the 
refri !.!erator at 4-6 �C for more than one \ ear. This test was essent ia lh designed to roughh ...... .. .. '-- - . 
estimate the acti\ ' i ty of bacteria after a prolonged storage period, and i t  is s impJ) 
measuring the rate or  ni trite production b) a certain amount of the bacterial s lurry in  a 
o lut ion containing 30  ppm (NI [.j)2CO� as NI 1 3  in a bubble column reactor. This test wa 
performed three t imes once ever) 6 months. and the codes for the runs were -BA 1 (0.6 
year after purchase),  -BA2 ( I  year after purchase), -BA3 ( 1 . 5 year after purchase). 
The n itrite l iberat ion c un es are as shown in Figure (5 . 1 ) . 
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Figure (5. 1 ) :  Nitrite Liberation for Bacterial Activity Test (NS-BA 1 ,  2, 3)  
As indicated i n  the experimental section (4 . 5 . 1 .a . ) ,  the conditions for a l l  the runs in this test 
ere the same. ( i .e .  the same in i t ia l  concentration of ammonia solution 30 ppm, bacterial 
1 00 
s lurry (2g), reactor configurat ion (bubble column-Be 1 ). airflow rate (5  I min).  and left 
runn ing for the same period of t ime) .  Figure (5 . 1 )  c learly sho\\ s a gradual reduction in 
nitrite l iberat ion. From the bloprocess engineering point of \ ie\\ . \\ e can attribute th is  to 
.,cvcral factors.  1 hese factors inc l ude: the part ial  loss of bacterial acti\ it) b) prolonged 
storage periods. or thIS can be attributed to the death of some of the bacteria l  community 
0\ cr the period of time but the bacterial activ ity can st i l l  be the same .  Also, \\ e can 
attribute this to the bacterial  need for more time to be acc l imatized to the ammonia 
ennronment, i .e .  \\e han SU[\' I"Ing bacteria but not active (cannot perform nitrification 
yet). Needless to sa) , the period of the test ( I  day ) is not enough for those bacteria stored 
for a long t ime to oxidize ammonia at the same rate as those stored for shorter periods. We 
xpect that if the bacterial  communit ies were given enough t ime,  they would reach the 
arne n itrite production levels as those stored for sholier periods. 
In order to find out and c learly define the more l ike ly factor for this reduction in  n itrite 
production \\' ith prolonged storage periods, a quant itat ive analysis of the ni trite l iberated 
wi l l  be performed. We selected 2 points on the x-axis (t ime scale) .  namely 5 and 2 1  hours 
and we compared the values of n i trite ion produced i n  each of the three tests. We observed 
the fol lowing :  at 5 hours, NS-BA2 produced nitrite less than NS-BA I by 38 % and more 
than NS-BA3 by 2 .4 %. However, at 2 1  hours these percentages changed noticeably so 
-BA2 produced less ni trite than NS-BA 1 by only 2 .9 % and more than NS-BA3 by 3 . 3  
% .  The same trend is  not iced i f  we compare -BA3 and NS-BA 1 ,  we find that at 5 hours, 
-BA3 was less by about 40 %, and at 2 1  hours, i t  was only less by 6 . 1 %. 
We can conclude that during the first hours of exposure to ammonia environment all viable 
bacteria perform oxidation to nitrite, but the amount of these v iable bacteria d iffers 
accord ing to the storage t ime. Differentiation m ust be made here when we talk about the 
1 0 1  
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term "viable bacteria" Viable bactena an: only part of the surv l \' l llg bacteria that are 
physiological ly capable of performing nitri fication. but st i l l  there are other part of bacteria 
that arc st i l l  al ive but not yet rcad) (not V iable) to perform the nitn fication. Therefore. 
when enouuh time I S  ginn, the bactena became morc acc l imat ized to the ammonia � � 
environment. and the di fTerences in  nitrite leHI production start to dim inish.  
5. 1 .2 .  Reac t i, a t i o n  Tests n i t h  F ree N i t roso m o n a s  Ce l l  
Ithough many publ ications dealt with ni trification via free ce l ls ,  and with bacterial 
ul tures e ither from act i \  ated s l udge plants or with pure strain cu l tures, we could not 
identify unique trends of how the n itr ify ing biomass oxid ize the ammonia espec ia l ly under 
high ammonia concentrations. We have seen in  the bacterial  activity tests performed that 
n i tr ify ing biomass can oxidize ammonia \\ ith levels up to 30 ppm and can convert the 
ntire amount of ammonia appl ied in about 1 day. Nevertheless, we do not k now how they 
wi l l  behave in high ammonia concentrations l ike 1 00 ppm or more . 
ITwo rW1S were done i n  a bubble colun1n with configuration BC I and the i r  codes are NS­
FC 1 for 1 00 ppm and NS-FC2 for 300 ppm. The tests were completed in  the presence of 
macro and m icronutrients, under bacterial  growth condit ions and continuous aeration with 
airflO\\' rate 5-6 lImin and under DO saturation level (7.5 mg/l) .  The worki ng volume was 
1 55 0- 1 600 m l ,  and the sol ution was continuously compensated for evaporat ion losses with 
he same concentration stock solution, (about 50-80 mllday). The results from the two runs 
are shown in F igures (5 .2)  and (5 .3 ) .  
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Figu re (5.3) : Nitrifier free ce l l  reactivation (NS-FC2) 
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It is very c lear that the reaction of n i trifying bacteria (Nitrosomonas) to higher 
concentrations of ammonia ( 1 00 and 300 ppm) was different from what we have seen in 
bacterial act ivi ty test (30 ppm ammonia). 
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I n  case of the bacterial acti\ it) tcst, wc noticed quick l iberat ion of nitrite \\ hen ammonia 
in it ial  concentrat ions \\ ere at to lerable l i m its .  We did not ha\ e the fac i l i ty  to measure free 
ammonia concentrations But since the pI I of the solution \\as 8-8 .2 and the temperature 
was about 24 C, \\e e\.pect free am monia to be in the range of 2-3 mg I 1 91 1 in  that 
experiment. \\ hich is belo\\- the reported inhibit ion l imi t  1 0- 1 50 m gtL as it \\as mentioned 
carl ier 1 11 section (effect of substrate concentrations-introduct ion) .  
r Iowe\,cr, in  the case of -FC 1 ,  we not iced a long lag period, about 1 00 hours befor 
ni trite l i beration started. We expect that this re lative ly long lag period was j ust 
acc l imatization period for the n itrifying bacteria to such high concentrat ion of ammonia. 
The pH was 8 .4-8 .5 and temperature 24 °C, lead ing to expected free ammonia 
oncentration in  the range of 1 1 . 5 - 1 7  mg/l 192 1 ,  which i s  in  the early range of i nhibit ion.  
After  1 00 hours of bei ng exposed. the bacteria were used to this leve l and started to 
perform their ammonia oxidation at an acceptable  rale.  It is c lear too that n i trite bui ldup 
d id  not influence the ox idation of ammonia, i . e .  it d id  not have an inhibitory effect in the 
range l iberated during the run. 
In  the case of -FC2, a s l ight ly longer l ag period was observed, namely 1 20 hours and 
I'ith very low n itrite production rate . The pH was 8 .6-8 .7  and temperature 24 'c, leading 
to expected free ammonia concentration i n  the range of 5 1 -65 mg/l, which i s  within the 
�ange of free ammonia i nhibit ion. The nitrite l i beration reached 8 . 5  ppm after about 250 
hours of sustained batch process. In  order to expla in this low l evel  of nitrite produced, 
IWhen we expect that the Nitrosomonos ceJ ls are experiencing i nhibit ion s i tuations, we find 
a c l ue from L i u  et a l .  193 1 study. Where, at same i nit ia l  ammonia concentrations reach ing 
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"' 00 ppm and uSl llg a miwd cul ture of nitri fying biomass obtained from an acti\ ated s ludge 
p lant, 50 mg/l of ammonia was consumed \\ ith no nitrite or nitrate production and the) 
attributed this to m icrobial requirement for the bios) nthesis of heterotrophic bac teria .  S i nce 
in our expenments we \\ ere US l l1g pure SlfrOSOmOn{1S cul ture .  i .e .  absence of an) 
heterotroph ic  bactena, \\ e can say that this low ni trite produced and \ er) 10\\ rate of 
production may be due to some of the surviving bacteria that could have succeeded in 
remaining viable at this high ammonia concentration and produced n i trite at this very 10\\ 
rate 
nother item emerged from the ni trite l i beration c urve, which is that this ni trifying 
b iomass was unable to grow. It was only m ai ntain ing its biochemical  energy needs by 
oxidizing l itt le portion of the ammonia. I f  they were able to succeed in growing, we would 
have seen a ni trite concentration j ump. because of an increase in  the viable biomass. 
However, this did not happen. Therefore, we can say that this s i tuation resembled very 10\ 
nitri fication w1der no growth conditions. Moreover, our conclusion is that free ammonia i n  
the level experienced i n  this reactor (50-60 m g/I) caused a complete inh ibi tion to 
1\'itrosomonas and to their ammonia oxidizing capac ity. Whi l st preventing bacterial growth 
and reproduction. 
hese results agree with what was found by other researchers mentioned earl ier in 
fiterature review section), that high level s  of free ammonia coul d  drast ical ly inhibit the 
itrosomonas ammonia oxidation activity .  To sum up our i nterpretation for what happened 
'n these 2 runs. we can say that a concentration of 1 00 ppm CNHt)2C03 as NH3 with an 
expected free ammonia level in the range of 1 1 - 1 7  m g/l 192 1 affected to some extent the 
eact ivation of Nitrosomonas and led to l engthening the lag period. This was mainly to 
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enable the nitrifying biomass to be acc l imatized to this ammonia leveL before it start 
nitr i te l iberation. Concl usive ly,  the ammonia was tolerable but not toxic even though no 
nitr i te \\as produced. The first 1 00 hours of the process resembled a period of  adaptation. 
l Iov\:e\l�r, at a higher ammonia level l i ke in the case of  NS-FC2, with 300 ppm (NH4)2C03 
as NT I "  a toxic effect  o f  the free ammonia level which we expect to be i n  the range o f  50-
60 mg/l \Vas noticed. The bacteria that succeeded in oxidizing ammonia with a very low 
rate after 1 20 hours stopped producing ni tri te complete ly  at the end of  the experiment t ime. 
5. 1 .3. Load & p H  Shock Tolerance Tests with Free N i trosomonas CelJ  
�s indicated in the experimental section (4. 5 . l . d), these tests were only done on the free 
ce l l s  react ivated in 1 00 ppm ammonia concentration using a bubble column with 
configurat ion BC3 and under DO saturation level 7 . 5  m g/l . The fol lowing c urves show the 
behavior of free ce l l s  before and after load shock appl ication. The green downwards 
pointing arrow represents the t ime at which  the shock was appl ied ( 1 24 hours). 
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It  is  very c lear that the nitrifying bacteria (Nilrosomonas) were greatly affected when 
hock appl ication occurred. I n  c ase of load shock ,  complete i nhibition has occurred. I n  
addition. the nitrite leve l stayed constant and this was expected from our previous 
experience with free ce l l s  when we tried to reactivate them at 300 ppm and no significant 
n itrite was produced. so i t  is  logical that we have this level i ng off when we suddenly 
increase the ammonia concentration to 500 ppm . 
The same trend happened in pH shock, with sharp decrease i n  n itrite leve l .  This is mainly 
ue to the formation of nitrous acid at  low pH and the disguise of the n itrite ions 
disappearance) in the form of the n itrous acid .  This was the s i tuation unt i l  the system 
uffering capacity adj usted the pH to higher level s  and the n i trite went back to almost its 
ormal level just before shock appl ication. Our expectation is  that if the system were left 
or more t ime after shock appl ication, i t  would have come back to ammonia oxidation. 
1 07 
I t  is vcr) c lear that the f ree ce l l s  were drast ical ly affected b) the load or pH sbocks. I f  a 
i m i lar s i tuation happens in a \\ astewater treatment plant .  i t  would lead to major 
com pl ications I I I  the plant operation. Cont inuous and carefu l  monitoring of the qua l i t) of  
the  i n fl uent streams to nitri fication tanks in treatment plants that \york with free cel ls  is  a 
manuatory da i l )  ,1Ct ! \  i ty .  'I hese precautions \\ i l l  g ive the plant engineers the chance to take 
the adequate remedial act ions before tbe nitri fication process deteriorates. 
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5.2 . 1 .  Post I m m o b i l i;a t ion  Act i, i �  R ecoYe'1 Test  
. pre\ lOusl) mentioned. these tests consti tuted the main core of  our i l1\ estigat ion. Thi 
l Ilvestigation aims to exam ine the stab i l ity and potent ia l  of  using PV A as a re l i able 
entrapping hydrogel .  Another obj ecti\ e is stud) ing the PV A composit ion ( in  0'0 weight 
terms) effect on the ('cacti\ ation t ime.  Whene\ er biomass is immobil  ized , it experience 
harsh condit ions that m ight affect i ts acti\ i t)' and in  some cases the bacterial population. 
Those su[\ i \ ing bacteria go i nto something l ike a dOimant phase to protect themselve 
from sllch severe condit ions, Hence, before they can perform their usual activit ies they 
m ust be react ivated,  The time taken for reactivation of biomass after be ing stored or after 
e\ ere immobi l i zat ion procedure is a very important factor i n  wastewater treatment planL 
ome treatment plants ma) experience a decreased efficiency and at these i nstances, they 
need additional biomass at once, because wait ing for a long time in order to react ivate 
ne\\ Iy i mmobi l ized biomass or stored biomass would cause great problems.  Studying the 
e l l  react ivation t ime and the effect of PV A composition on its act ivi ty woul d  give an 
m portant guide in this issue. 
s indicated earl ier in (4 ,5 .2 ,a ,) ,  three series of runs where PYA aqueous sol utions of 
arying weight percentage were prepared ;  namely 1 0, 1 5  and 20 %, The same amount of 
itrifying biomass was entrapped i n  each series ( 8  g). Thi s amount was d iv ided i nto 2 
qual  portions and each portion (4g bacterial s lurry) was exami ned for reactivation i n  two 
i fferent media containing 1 00 or 300 ppm ammonia, Reactivation tests were perform ed i n  
ubble column reactors with BC l and B C 2  confi gurations and oxygen was suppl ied a t  5 . 5 -
.5  l /m in, which was sufficient for c i rculation of PV A cubes and maintain ing a saturation 
o level (7 ,5  m g/I) .  The tests were done i n  the presence of the m acro and m icronutrients, 
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F igures ( 5 .6-5 9) shuw the result::. o f  these c\perimcnts. The cun es depict the ni tri te 
produced in ppm am.! thc correspond ing s) stem pI T versus time 
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able ( 5 . 1 )  presented henceforward summarizes al l  the information that can be extracted 
from Figures (5 .6, 5 . 7  and 5 . 8) .  
fa ble (5. 1 ) : Reactivation t ime of systems working with 1 00 ppm ini t ia l  NHJ concentration 
I 
Reactivation t ime  T ime  between reactivation Time fl ight  bet. 
Run Code Lag phase 
( H r) & m ax i m u m  rate rate peaks 
�S-PY l ,  1 0%-100 
208 (= 9 days) 300 (= 1 3  days) 1 72.5 (= 7 days) ----ppm 
NS-PV2 , 1 5%-100 I 1 1 9 (= 5 days) ppm 1 84 (= 8 days) 72 (3 days) 1 68 . 5  (= 7 days) 
rS-PV3, 20%- 1 00 
256 (= 1 1  days) 329.5 (= 1 4  days) 95(4 days) ---. ppm I 
rS-FC 1 ,  free cel ls-
�O ppm 80 (= 3days) 96 (= 4days) 1 63 (= 7 d ays) 
�t is c lear that the biomass immobi li zed in 1 5% PYA was the first to be reactivated, 
fol lowed by that of the 1 0% and then the 20%. In the context of our interpretation of these 
I I I  
i 
n:sults .  lag phase denotes the phase \\ here ni trite production does not 1I1c rease intensive l )  
between each read ing .  Lag phase ends \\ hen the nitri te records a \ a lue greater than 1 % of 
the total ni tn te produced in the  \\ hole run. considering that the  a\  erage time interval 
between each n�ading IS  one da) . On the other hand. the term " React i\  ation t ime" mean 
the t Ime taken to start produc l I1g nitri te at a level greater than 2°'0 of the tota l  n i tr ite 
produced. 
I f  we compare the fastest system in  these three runs, which is the 1 5% biomass -PV2) 
with free cel ls under the same init ia l  ammonia concentration ( l 00 ppm), \',e find that the 
react ivation t ime " as shorter in free cel ls .  It was almost double the t ime in -PV2) to 
reach this activit) . I Iowever, the t ime between being active and reaching the maximum 
rate of n itr ite production was completely the opposite. 
It is c lear that the free cel l s  were reactivated faster than the immobi l i zed cel ls ,  but the 
recovered activity of the latter system was found to be much h igher than that of the free 
ce l l s .  
This suggests that the immobi l i zation matrix provided some k ind of shie ld from the high 
ammonia concentration in  the reactor environment, enab l ing the cel l s  to perform their 
ammonia oxidizing activit ies smoothly and with a re latively high rate. 
The 1 5% immobi l i zation system (NS-PV2) was faster than the other systems, 1 0% (NS­
PV I )  and 20% (NS-PV3) .  Logica l ly  i t  should be faster than the 20% system because of the 
mass transfer l im i tations exerted by the denser polymer matrix in the 20 % immobi l ization 
system, which s lows down the diffusion of substrates and products. and thus lead to slower 
1 1 2  
rate of nitri te production and longer t ime of react ivation. Howe\er. in the case of 
immobi l ization system 1 01% (NS-PV 1 )  there is no ob\ ious reason for being de layed l i ke 
this. We attribute this to some experimental setup problems l I ke unstead) oxygen 
'aturation lewl or some toxic effects of chem icals that 111a) ha\ e entered by mista"'e to this 
reactor at this stage. 
In  the 1 50 0 immobi l ization s) stem -PV2) Figure (5 . 7), a drop in ni trite level appeared 
at 400 hours. S ince these experiments were under batch conditions, ni trite accumulation i 
a lways expected, and a drop in n i trite level is surprising. In order to explain this drop, we 
wi l l  first look at the pI I at this t ime and we find that it was 6 . 56  with a nitrite level 
approaching 1 00 ppm . At this stage of the run, the pH fel l  down be low the optimum pH 
range for smooth nitri fication process. Moreover, at lower pH values, the N02' � HN02 
equi l ibrium tends to shift towards the I IN02 s ide produc ing some i nhibit ion effect to 
Nifrosomonas cel ls .  This inhibit ion effect was reported by Chamy, et a1. 1 26 1 . As we 
previousl )  mentioned in the Introduction section ( 1 . 8 .2). accumulation of nitrite lead to 
Nitrobacfer i nh ib i tion by nitrous acid at concentrations of 0 .2-2 .8 mg/l 1 1 6 1 ,  but Chamy. et 
a1. 1 26 1 ,  found in the ir  study that both groups of bacteria Nitrosomonas and Nitrobacter were 
i nh ibited by nitrous acid .  This means that free nitrous acid has an i nh ib ition effect to 
ammonia oxidizing bacteria, which was not previously  reported. This  observat ion in our 
results confirms these findings. pH adjustment by means of NaHC03 at 428 hours which 
recorded i nstantaneous pH 8 .45 ,  drove the pH back to the opt imum conditions for 
nitr ification and forced the N02- � HN02 equi l i brium back to the nitrite s ide, thus 
enab l ing nitrification to be back to its normal course. This trend confirmed our 
interpretation. 
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In  order to re inforce the effect of composition percentage on the act i \  it)' recowr): time, a 
plot 01 the three systems emplo) ed is  g l \  en in Figure (5 ,9 )  and c learly show the trends just 
discussed 
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. 2 . 1 . h . E '\ per imen t s  " i t h  i n i t ia l  a m m o n i a  concen t rat ion 300 ppm 
igures (5 . 1 0-5 . 1 3 ) sho\\' the results o[ the react i \ ation e:\perimcnts carried out \\ ith 300 
m ammonia init Ial concentrations. The curves depict the ni trite produceu in ppm and thc 
orresponding system pI I \ crsus t imc.  
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able (5 .2 )  presented hencefo[\;vard swnmarizes a l l  the information that can be extracted 
rom Figures (5 . 1 0, 5 . 1 1  and 5 . 1 2) .  
a b le (5.2 ) :  Reactivation t ime of systems working with 300 ppm init ia l  NH3 concentration 
Time behveen Reactivat ion Time flight bet. 
Lag phase Reactivation t i m e  
and m a x i m u m  rate rate peaks 
1 0%-300 1 60 208 76 1 64 . 5  
(6.7 days) (8 .7  days) (3 .2  days) (6.9 days) 
208 284 1 64 . 5  
(8 7 days) ( 1 1 . 8 days) (6.9 days) 
5 1 0  1 1 6 
(2 1 .3 days) (4 .8 days) 
00 ppm 
80 (= 3days) I 96 (= 4days) 1 63 (= 7 days) 
e s ituation here in the 300 ppm initial ammonia concentration systems differed 
'ons iderably from what has been observed in the 1 00 ppm systems. It is c lear that the 1 0% 
mmobi l ization system was the first to be reactivated fol lowed by the 1 5% and the 20%. 
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Thc 1 0% immobi l ization system (NS-PV -+)  was reactivated in a shorter t ime than the 1 5% 
immobil izat ion systcm (l\S-PV5) b) about 3 day s .  and the latter reached acti\ ation in a 
t imc shorter than the 20% immobi l ization system (NS-PV6) by about 1 0  days. NO 
compari son can be made \\ i tb the free ce l l s .  because of the rather 10\\ ni trite produced b) 
thesc 
The results of these tests provide a c lear quantitative evidence that immobi l ization did play 
a great role in prO\ iding a protective shield to the bacteria against the toxic and inhibitory 
effects of free ammonia in the reactor environment. These results were also in accordance 
with the natural laws of physics, i .e .  the lowest dense polymer matrix had the highest 
d iffusion rate, the fastest rate of nitrite production and the sh0l1est reactivation time. 
L iterature investigations involv ing the immob i l ization of nitrifiers in 20% or 30% PV A 
. . 138 .j� 701 d 'd  ' f  C h . h . .  composi tIOns . ,  I not speC l y a reason lor c oosl l1g t ese percentage compositIOns. 
Regard less of the mass transfer l imi tations, which are expected with high dense polymer 
matrices, and may represent the major compl ication for using the entrapping method, the 
issue of cost effectiveness can also be important in terms of process engineering. Using 
higher percentage composition matrices wi l l  i ncrease the overa l l  cost of the treatment 
process. 
A major finding emerges from this investigation suggest ing that we can indeed provide an 
entrapping stable matrix that can shield the biomass agai nst aggressive environments. 
Moreover, this matrix does not have to be a very dense one. A 1 0% polymer matrix 
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provided the samc protection as the 20 % and enabled the ni tri fiers to reco\ er their act i \  i t \'  
in a t imc shorter by about 13 day' 
Howewr. there \\ as a rc lat i \ e l )  long lag phase period at the beginning of each run. \\ hich 
rescmbkd an acc l Imatization pCfl0d fl.)!" the nitri r) ing biomass to such high concentration 
of ammonia (300 ppm) .  A l l  the system -PY-l. -PY5 and -PY6 reached their 
maximum rate of nitntc production (ammonia oxidation) in the re lati\el) reasonable t imes 
of 3. 7 and then 5 days respectively (after finishing their l ag phase and start ing their active 
nitri te production). This compares favorably the period of weeks need by act ivated s ludge 
plants to return to normal operat ions after a s imi lar disturbance .  
In  the 1 0% immobi l ization system -PY4) Figure (5 . 1 0), a drop in nitrite level appeared 
at -l00 hours. The pH at this t ime was 6 .35  with n i trite level approaching 1 43 ppm . Our 
i nterpretation is  s imi lar to the case that occurred in one of the 1 00 ppm runs (NS-PY2). At 
this stage of the run, the pH fel l  down below the opt imum pH range for smooth 
nitrification process. Besides the N02" f-7 HN02 equi l ibr ium was shifted towards the 
HNO;! s ide produci ng some i nhibi t ion effect to Nitrosomonas. After adjustment at 428 
hours, the pH went back to the opt imum conditions (8 .75)  and nitrification resumed its 
normal  course with a high rate of n itrite l iberation. 
The effect of composition percentage on the activ i ty recovery t ime is  c learly seen in Figure 
(5 . 1 3) .  The plot of the three systems employed c lear ly demonstrates the superiority of the 
1 0% systems to the other systems in terms of faster reactivation, and h igher protection 
from ammonia i nhibitory environment. 
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Figure (5. 1 3) :  Reactivation of PVA Immobi l ized Nitrifiers (NS-PV4, 5. 6) 
N itrite l iberation vs. Time, 300 ppm NH3, PV A 1 0, 1 5  & 20%, bubble column.  
E ffect of  ammonia in it ial  concentration 
While previous ly, the discussion focused to a great extent on the PV A composition 
percentage and its effect on the recovery of bacteria l  act ivity after immobi l i zation 
procedure and after being stored, now, we wi l l  d irect our attention to another important 
factor studied : the effect of i nit ia l  ammonia concentration used in reactivation of 
Nitrosomol1as. Figures (5 . 1 4-5 . 1 6) depict nitrite l iberations versus time for each PYA 
composition. 
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E ffect o f  a m mon ia in it ial  concentration 
Whi le previously, the discussion focused to a great extent on the PYA composition 
percentage and its effect on the recovery of bacteria l  activity after immobi l ization 
procedure and after being stored, now, we wil l  direct our attention to another important 
factor studied : the effect of i nitial ammonia concentrat ion used in reactivation of 
Nitrosomonas. Figures (5 . 1 4-5 . 1 6) depict nitrite l iberations versus time for each PYA 
composition. 
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The curves sho\.\11 in  Figures (5 . 1 4  - 5 . 1 6) c learly indicate that reactivation under 1 00 ppm 
init ia l  ammonia concentration gave faster reactivation times in a l l  immobi l ization systems .  
The exception being the 1 0% system -PY l )  which as stated earl ier, we have some 
uspicions that it may have experienced some low oxygen level s  or some toxic chemicals 
that entered to this reactor and retarded its reactivation. In the other four runs of the 
immobil i zation systems, namely, 1 5% and 20%. the ones reactivated under 1 00 ppm 
ammonia recovered their activity in a t ime shorter than those at 300 ppm by about 1 50 
hours. Our interpretation for this i s  that under 1 00 ppm conditions the percentage of free 
ammonia is lower than that experienced by the bacteria under 300 ppm concentration. 
A lthough a l l  systems react ivated worked with 1 00 or 300 ppm managed to recover their 
activity, the 1 00 ppm environment was more suitable and comfortable for the bacteria to be 
reactivated in .  
1 2 1  
Chapter 5 Results & D ISCUSSlon 
To apprec Iate the signi ficance of the results, "'e tabulated the time at \vhich a l l  t he run 
reach certain nitrite concentrations and we ,,· i l l  try to compare these times. 
Ta b le  (5 .3 ) :  [ l Il1e nceJeJ for each run to reach spec i fIed NO;!- l Iberat ioll level s .  
R u n  25  p p m  I 50 p p lll 75 p p m  1 00 p p m  1 2 5 p p m  I SO p p m  200 p p m  2 5 0 p pm 5 m  
NS- P V I 425
-hrs--r 445 hrs 470 hrs 500 hrs 540 hrs 
l'I5-P\2 230 hrs 250 hrs 290 hrs 
-365 hrs 435 hrs 480 hrs 
NS- PV3 405 hrs 425 hrs 470 hrs 520 hrs 565 hrs 
NS-PV4 235 hrs 260 hrs 268 hrs 275 hrs 305 hrs 340 hrs 430 hrs 4 50 hrs 5
NS-PV5 375 hrs 400 hrs 408 hrs 4 1 5  hrs 422 hrs 430 hrs 460 hrs 5 30 hrs 53
NS-PV6 565 hrs 575 hrs 585  hrs 595 hrs 6 1 0  hrs 620 hrs 700 hrs 
Table (5 .3 )  summarizes our observations and leads us to an important conc lusion. A l l  the 
reactors performed n itrification with a very high rate within a period of 1 00- 1 50 ho rs j ust 
after reaching the 25 ppm nitrite l iberation leve l .  A l l  the reactors show thi s high 
productivity period ( 1 00 - 1 50 hours). In this productive period, the immobi l ized nitrifiers 
\vere able to convert a l l  the avai lable ammonia to nitrite then the rate decreased because of 
ubstrate starvation. Therefore, we can conclude that under oxygen saturation levels ,  
substrate concentration (ammonia) can be considered as a l imit ing factor to the continuity 
of the reaction. That i s  why a very traditional bel l  shape curve is obtained i f  we plotted the 
rate of nitrite l iberation versus time. This is an expected trend when running the 
experiments under batch process conditions. 
A thorough look at table (5.3) a lso reveals and affirms our concl usions that the systems 
immobi lized in 1 0  % were the fastest in being active and reaching nitrite level equivalent 
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to the ammonia ini t ia l ly introduced I n  addition. reactiYation under 1 00 ppm initial 
concentration was fa<;tcr than that under 300 ppm . 
B iomass  leac h i n g  as�ess m e n t  
.\s \\ c mentioned in e\.perimental section (4 .5 .2 .a), a protein assay test was performed 
e\ er) \\ ed. to estimate the amount of biomass leaching dur ing reactivation experiments. 
I he results of til lS  test are tabulated in table (5  4 )  
Table  (SA ) :  Biomass leaching during reactivation experiment 
Protein content i n  solution (ppm) 
Time ( Hrs) NS-PV l NS- PV2 NS- PV3 NS- PV4 NS-PV5 NS-PV6 
233 5 8 .26 78 .38  60 .73  87 .2 1 88 .27 70.97 
354 1 7 .65  78 .73  4 8 . 3 7  67. 5 8  5 5 .08 8 2 . 62 
569 2 1 . 8 9  49.43 3 2 . 84 60.02 3 7. 7 8  74. 8 5  
I t  i s  c lear from the results that the amount of  biomass leaching was negl igible with respect 
to the amount already entrapped in each system (74,004 ppm).  This means that there was 
no s ignificant leaching from a l l  the different systems. Moreover, the protein content in 
o lution was decreasing by time, which means that if the measured protein  was 
representing nitrifying biomass, it could have disappeared from the solution and became 
attached e ither to the wal l s  of the reactor or to the surface of the PV A cubes. 
Despite the 100\'er value obtained for the 1 0% immobi l ization systems when compared to 
the higher percentage composition matrices ( 1 5% & 20%) which was unexpected, the 
differences was not high and leads us to an important concl usion. This concl usion is that 
the 1 0% was a rel iable composition compared to the 20%, and did not lose any of its 
biomass content. In  other words, the 1 0% composition i s  just as effective as the 1 5% & 
20% in terms of biomass retainment. 
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5.2 .2 .  Load & p I !  � h ock Tolera n ce Test 
The immobil ized nitn liers that just reco\ ered their act ivi ty in the IJrC\ ious experiment 
wcre tcsted for 10aJ and pI [ shocks The experiments \\ere performed I l1 a s imi lar solution 
(same concentration of substrate) to the one the) were react l \ ateJ in, but free from 
nutricnts. Bubbk cul ull1n reactors \\ere used in a l l  of these tesL. 
S.2 .2 .a .  Load S h ock  Test .. 
In  thIs experiment. \\ e had five runs, PV -SL I ,  PV -SL2, PV -SL3,  PV -SL4, PV -SLS using 
immobi l ized cel ls  coming from the run -PV 1 ,  -PV2, -PV3, -PV4, -PVS 
respectively. j ust after react ivation. We had one system that was not exam ined for shock 
tests, \\ hich is  -PV6 (300 ppm, 20%). Figures (5 . 1 7-5 .22)  show the results obtained 
The load was appl ied by rais ing the ammonium concentration suddenly to 500 ppm. The 
point ing an'O\\, represents the time at which the shock was appl ied ( 1 1 3  hours) .  
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Figure (5. 1 7) :  Immob i lized Nitrifiers Load Shock Response 
i trite l i beration & pH vs. Time, 1 00 ppm NH), PV A 1 0%, bubble column 
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Figu re (5. 1 8) :  Immobi l ized Nitrifiers Load Shock Response 
itrite l iberat ion & pH \ s . Time, 1 00 ppm NH), PV A 1 5%, bubble column 
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Fig u re (5. 1 9) :  Immobi l ized Nitrifiers Load Shock Response 
itrite l iberation & pH vs. Time, 1 00 ppm NH), PYA 20%, bubble column 
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As pre\'iously mentioned. these runs were completed under s imi lar ammOl1la 
concentrations to those used in reactivation tests, us ing smal ler volume bubble columns 
\\ith Be3 configuration, batch wise process, with nutrients free environment and no pH 
adj ustment. Although the rates of n itrite production in these runs differed in  some cases to 
\\hat was obtained in  the reactivation experiment for some systems. a l l  systems had the 
same trend in reacting to the load shock .  The shock was appl ied after 1 1 3 hours (4 .7 days) 
from the start of the runv. 
Upon shock appl ication, a l l  the reactors had something l ike a lag phase where a very 
different n i trite rate production was observed after shock appl ication, This lag phase l asted 
for about 1 0  hours. Then. the rate of n itrite production increased drast ical ly .  This  increase 
ranged from 3 to 1 0  folds compared to values before shock appl ication, In addition, the 
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rate increase was higher In systems \\ hich were reacti \ ated in the 1 00 ppm solution (7 .  1 0. 
4 . 5  folds re'ipcct l \  e l )  compared to those reactivated in 300 ppm ammonia (3 .  -l fold 
rcspectt\'c ly) .  ivloreO\ er. the s) stems imlllobi l ized in 1 0% (PV-SL I & PV-SL4) had the 
highest nitri te production le\ c ls .  
S.2 .2 .b .  pH S h ock Test 
In  thIs e\.perimcnt we had fj\e runs. PV-PI l l .  PV-P I l2 ,  PV-PH3, PV-PH-l. PV-PH5 using 
immobi l ized ce l ls coming from the run -PV I ,  -PV2, -PV3. -PV4, -PV5 
rcspccti\e ly j ust after their reactivation. We had one run that was not examined for shock 
-PV6 (300 ppm, 20 %). 
The shock was appl ied using a pulse of 0 . 1 M Hydrochloric acid (Hel) .  The i nstantaneou 
pH reading \vas taken by leaving the probe [or about 1 0  m inutes in the reactor environment 
unt i l  a stable reading is  obtained. The green downwards point ing arrow represents the t ime 
at which the shock was appl ied ( 1 1 3  hours) .  
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Li ke in the load shock. tests. we obtained a s imi lar trend of response from al l  the 
immobi l i zation systems when subjected to a 10\\ pH shock. .  There \\ ere howe\ er 
d ifferences bet\\l�en the rates before and after shock appl ication. rtainly. ha\'ing such 
J imi larity confi rms the fact that the P\' A entrapping matrix did pro\ ide a protecti\ e shield 
against such potent Ia l l )  damaging shock. '  
I n  this experiment, \\'c obtained almost the same ranking of  the immobi l ization systems 
l ike those we obtained in the load shock experiment. This ranking was in a descending 
order with respect to level of  nitrite production: PV -PH4, PV -PII 1 ,  PV -PH3, PV -PH2 and 
final l) PV-PH5 .  A l l  the systems had a lag phase just after shock appl ication. In some 
ystems, this lag phase showed a decrease in n i trite level (N02' B HN02 equi l ibrium shift 
to the left) but this phase did not last more than 1 2  hours, the system buffering capacity 
" as able to adj ust the pH to opt imum range values and the process went back to normal 
operat ion. 
The rates of nitrite production in  two systems namely PV-PH I and PV-PH3 were almost 
the same or s l ightly higher than before shock appl ication. I n  the two other systems, namely 
PV -PH2 and PV -PH4 the rate of n itrite production i ncreased two folds compared to values 
before shock appl ication only. The rate increased five folds in PV -PHS after shock 
appl ication. The observation made in load shock effect, that the systems immobil ized in 
1 0% and those which were reactivated in 1 00 ppm ammonia gave higher ni trite production 
level was confirmed again in  pH shock exam ination. 
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Table (5 .5 )  summarizes all the data obtained in shock tolerances tests. 
Tab le (5.5) :  Rate of n itrite production in shock tolerance tesL. 
Run Ra t e  before shock a pp l ica t ion  Rate  a fter  shock a p p l icat ion  % Rate cha nge 
code (ppm NOl-. h r- J _ mg- J d ry b iom ass) (ppm N Oz-_ h r-J _ mg- J d ry b iomass) 
P\'-S L l  1 . 8 1 3 .4  + 1 1 65 % 
P "-SL2 OA 4 . 1 + 3 76 % 
P\'-S L3 2 8 .5  + 660 0/0 
PV-SL4 5 1 6  + 1 098 % 
P"-SLS I 0 2  0.9 + 7 1 % 
PV-PHI 2 1 .6 - 26 % 
PV-P H2 0.6 I + 5 1 % 
PV-PH3 1 .9 2 A  + 5 5  % 
PV-PH4 3 . 8  8A + 46 1  % 
PV-PHS 0.3 l AS + 1 1 8 % 
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Chapter 5 .  Resul ts & DIscusSIon 
fhis table demonstrates a \ er) important fact .  I n  case of load shock tests. a remarkable 
increase in nitrIte produc tion rates i s  obscr\ ed \\ hich leads us to one conc lusion: under no 
growth cond it ions. DO saturation le\ c i s  and batch operat ion. ammonia as substrate is a 
l imi t ing factor S I l1CC the immobi l IZed cel ls  had recovered their acti\ ' ity in pre\ lOU 
cxperiments. and since the) are protected in the PYA matrix.  they only needed a short lag 
phase ( 1 0  hours) to cope \\ ith the ne\\ ammonia le\ e l  (500 ppm). and then they gave a 
harp nse i n  ni trite production rate, which is  mainly due to ava i labi l i ty of substrate . 
In  the pI I shock test, the si tuation was somewhat d ifferent. Substrate level remained th 
ame and we directed the system to unsuitable pH. When the pH came back to optimum 
values and the cel ls  recovered from the pH shock effect a ided by the protect ive shield 
prm ided by the PYA gel matrix ,  they returned to their norma l  level of nitrification activity 
with ei ther same or higher rate. The 1 0  hours l ag phase acted as a sel f-defense measure 
against a harsh environment. However, when pH level went back to normal values the cel l  
resumed their  nitrification with expected rate rises according to the ammonia levels 
ava i lable. 
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5.3 .  A lg i n a te - I m m o b i l i zed N i t ri fi e rs Test 
This  experiment was to a great extent s imi lar to the bacterinl act i\ itv tests. Alginate 
'uppOl1 being mechanical ly  \\ cak tends to lose its structural integri t) \\ i thin 48-76 hOUL. 
That i s  \\'hy most or the experiments using a lginate did not exceed I day As previousl )  
mentioned in  mJtenals and methods section (4 . S . 2 .c )  the tests \\ ere done i n  airl i ft  and 
bubble column reactor. The results of the runs are presented in the form of nitrite l i berat ion 
un es \"s. t ime sho\\ n in Figures (5.29 & 5 .30) .  The first run employed 1 2  g bacterial 
l urr) and the number of beads \vas 4 1  0-430 bead� .  
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Figu re (5.29) : Calcium Alginate Immobi l ized.Nitrifier (NS-AL I )  
i trite l iberation vs. Time, 30 ppm NH3, 7 . 5  mg/l DO, Airl i ft  reactor 
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If  we compare the result  obtained here to  free ce l l s  results. we find that the airl ift  
configuration enhanced to  a great extent the nitr ification efficiency and rate of  ammonia 
oxidation, not taki ng into consideration the mass transfer l im i  tations exerted by the 
immobil ization matrix. 
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rhe s�cond run with a lginate-immobi l ized nitrifiers was done III a bubble column with the 
.. arne rat io of  nitn liers. (2 � bacterial sl urrv for I l i ter of ammonia solution) and the � -
average nurn ber of beads \\ a� 60-70. 
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Figu re (5.30) : Calcium Alginate Immobi l i zed Nitrifier 
itrite l iberation vs. Time, 30 ppm NH3, 7 . 5  mgll DO, Bubble column 
1 2  
I t  i s  evident from both runs i n  air li ft  and bubble column reactors that the effic iency of 
nitrification was better than that in free cel ls .  This  means that the immobi l ization matrix 
did provide a protective environment for the nitrifiers' community even from mi ld tox ic  or 
inh i bi tory effect of ammonia at low concentrations. In addi t ion, this immobi l ization matrix 
\Vas favorable  for fast ammonia oxidation process. Moreover, the air l i ft reactor 
configuration provided better aeration and higher mass transfer rates between the beads 
and the bulk of the solution than the bubble column configuration. 
The next set of results in this  chapter focuses mainly on our recorded observations on the 
structural i ntegrity and mechanical  strength of support matrices. 
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5.4 .  PV A c ross l i n ki n g  w i t h  sa t u ra ted boric  a c i d  e x p e ri m e n t  res u l t  
The results o f  this experiment were disappointing i n  the t ime that many researcher" 1 -15, 59, 
651 - tated that the, were successful in obtaining strong beads of PYA cross l inked with boric 
acid The results we obtained in this investigation was completely the opposite. The results 
\\ e obtained were in accordance with what has been mentioned earl ier in our l iterature 
re\ icw 165 - 70 1 .  The beads obtained were labi le, unstable, not behaving l ike a hydrogel and 
d issociate when washed \\ ith disti l led \vater after being left in saturated boric acid for 24 
hours. MoreO\ er, they formed agglomerates whi le being crossl inked . The pictures shown 
in Figures ( 5 . 3 1 - 5 . 35 )  c learly demonstrate these resulL. 
Figure (5.3 1 ) : PYA beads forming agglomerates in saturated boric ac id solution. 
Figu re (5.32):  PYA beads start ing to d issociate after washing with disti l led water 
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Figu re ( 5.33): P beads regaining their agglomerate structure after being put back in 
aturated boric acid solution after washing 
Figure (5.34) :  PYA beads starting complete dissociation in dist i l led water 
Figu re ( 5.35) :  PYA beads starting complete dissociation in dist i l led water 
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- . 5 . PYA co- i m m o b i l iza t ion  w i t h  a l g i n a te & c ross l i n k i n g  w i t h  CaCh 
I\nother method of PYA crossl inking was adopted here in our investigation, involving 
olmmobi l i zation with alginate 19 1 1 and crossl i nk ing by means of two treatments : first 
aLl:! then freeze-thawing treatment. 
The results were not much better than what we obtained in the case of boric ac id treatment. 
t the beginning, nice beads were formed in the solution. The beads were then transferred 
into a freezer at -20 °C and after being thawed the beads started to act as if they were 
melt ing and formed a thin film that kept a l l  the beads connected as shown in the picture 
( figure 5 .36) .  We tried to modify the process by droppi ng the copolymer (PYA + Alginate) 
in a cold bath of CaCh  that was left in the freezer for 4 hours to enhance the resulting 
beads, but this treatment did not d iffer s ignificantly from the results obtained earl ier. 
Introducing a phosphate salt to the dist i l led water used in washing completely dissociates 
the bead integrity and a c lear solution is obtained with no s igns of beads at al l .  The purpose 
of choosing (PO-l) is because it is an abundant radical in wastewater streams (synthetic 
detergents), and beads that are not resistant to i t  are useless in  practical app l ications. 
Figu re (5.36): PYA + Alginate beads after being thawed 
1 38 
Chapter 5 Results & DiscussIOn 
5.6. PYA c rossl i n ki ng via freeze/thaw cycl es 
IThe PYA prepared by freeze/thaw cycles was very stable, with good mechanical 
propert ies, high swell ing and diffusion properties. PYA cubes with dimensions 1 x 1 x 1 
cm when completely dried possess a transparent golden yel low color. In addition, when 
they are in a hydrogel form, they have dark off-white color and when they are frozen, they 
have a white color. A PYA cube with the aforementioned dimensions can lose their water 
content completelY when left at room temperature in 24 hours. and can swell  back to its 
normal size when swelled in dist i l led water for 2 hours. The ratio of size between the 
completely dry PYA cube and the swel led one is  about 1 : 3 .  Moreover, the dry PYA cube i s  
extremely hard l ike a stone, whi le the swel led P Y A  cube is  very soft, flexible but with a 
high mechanical integrity. A very sharp cutting edge l ike a thin edge knife or a sharp 
shaving blade can cut into the cube. The fol lowing Figures (5 .37 - 5 .39) are pictures taken 
during the experiments and support the above observations. 
Figure (5.37): White PYA block just coming out from freezer 
Figure (5.38): Dark off-white/golden yel low PYA block after being thawed 
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Figure ( 5.39):  Dark off-white PYA cubes after being swel led 
5.7. Alginate c rossli n ki n g  using CaCh 
odium alginate was used in order to prepare alginate beads containing nitrifier cel ls The 
beads formed were white in  color and to some extent transparent, the average bead size 
was 3 3 mm Pictures of the beads formed are shown below in Figures (5 .40) 
Figure (5.40): White transparent alginate beads prepared 
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5 .8 . M o r p h o l o g ica l E xa m i n a ti o n  o f  PV A w i t h  S E M  
The objectIve of this experiment \-vas to compare the porous structure o f  each o f  the P 
immobi l ization matrices, ( 1 00/0, 1 5% and 20%). In  addit ion, it was aimed at establ ishing 
the nitrifying biomass presence .  
The results were coinc id ing with our expectations and with the ni trification experimental 
results . The 1 0  % P tern morphology shown in  F igures ( 5 .4 1 ,  5 .42) has the highest 
porosi ty . The pore structures in the 1 0% system looked l ike para l le l  channels In some 
ases, and highly porous sponge in other cases depending on the section it was pictured 
from.  The pore s izes in the 1 0% PV A immobi l ization systems ranged from 2- 1 0 �m . 
Figu re (5.4 1 ) : Sponge l i ke porous structure of 1 0% PYA (SEM Photo) 
Figu re (5.42) :  Paral le l  tunnels l i ke porous structure of 1 0% PYA (SEM Photo) 
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In  the 1 5°'0 P immobi l ization svstems, the situation differed complete ly. ol id surface 
\\' ith re latively lo\.\ pore sizes appeared. The matrix appeared more connected and it looked 
l ike a surface of impermeable rock .  However, at higher magnification, we were able to see 
the pores that exist on the surface. The pores appeared had a size of 1 -2 11m. Pictures of the 
1 5% PYA systems are provided here in Figures (5 .43,  5 .44). 
Figure (5A3): Rock l ike stnlcture of 1 5% PYA (SEM Photo) 
Figu re (5.44):  Tiny pores appearing at h igher magnification in 1 5% PYA (SEM Photo) 
In the 20% PYA immobil ization systems we could hardly find c lear pores on the surface of 
the cubes, the surface had many wri nk les, result ing in a shape that looks l ike a series of 
endless h i l l s  and between these h i l l s  something appears which looks l i ke tiny cracks. 
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H igher magnification could not detect pores l i ke those that appeared i n  case of the 1 0% 
and 1 5%. Our expectation is that these wrinkles and the cracks between them increase the 
exposed surface area and create high diffusion s i tes from which substrates and water can 
d iffuse to the inner part of the gel cube. Pictures of the 20% P 
here in F igures (5 .45 ,  5 .46) .  
systems are provided 
Figu re (5045):  Wrink led surface structure of 20% PYA (SEM Photo) 
Figu re (5.46):  Wrinkled surface structure of 20% PYA (SEM Photo) 
We also examined the i nner surface of the cubes . Sections at 2-3 mm below the surface 
were prepared and examined by SEM and the results showed c learly the presence of 
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nitrifying bacteria entrapped in the polymer matrix of the PYA. figures (5 .47 - 5 .49) show 
these finding�. 
Figu re (5 .... 7) :  Entrapped nitrifying bacterial ce l l s  in the PYA matrix (SEM Photo) 
Figu re (5048):  Entrapped ni tr ifying bacterial ce l l s  in the PYA matrix (SEM Photo) 
Figure (5.49): Entrapped nitrifying bacterial ce l l s  in the PYA matrix (SEM Photo) 
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5.9 .  B i o fi l m  G rO\\- t h  E x pe ri m e n ta l  Res u l t  
As \\\! mentioned carl lcr in the experimental section, we tried many solid support material 
as potential carner� for ni tri fying biofi lms. The materia ls we used ranged from natural to 
s)' llthetic and from sol id to porous. In a l l  experiments, using any of the materials employed 
namely, basalt. P lexi -gld�s (Pi\Ii\ 1A), Polyeth) lene terephethalate (PET), Polyacrylamide. 
and Pol\ urethane, \\e could not detect the presence of a biofilm even after long incubation 
periods in presence of nutrients and favorable conditions. 
ur main e\  idences that support our results are series of microscope images taken for these 
materia ls  before and after incubation with Nitrosomonas ce l l s .  Unfortunately, the fac i l i ty 
to take SEM images was not avai lable a l l  the time, so we could not carefu l ly  examine al l  
these samples using this highly i l lustrative tool ,  but the common outcome is that 
Nitrosomol7as ce l ls  did grow and reproduce in these environments . 
were directed towards the bacterial cu lture that has been harvested by 
centrifugation: whether this harvested bacterial culture was mainly Nitrosomonas or other 
bacteria l  strains. We examined these cultures harvested after centrifugation by doing 
nitrification tests s imi lar to those performed in measuring the bacterial activity and the 
results obtained were positive. This means that the nutrient rich media was favoring 
bacterial growth and reproduction, but the support materials used was not suitable for 
growing biofilm�.  
A common observation in al l  the tests undertaken is  that a thick vis ib le fi lm of bacteria 
overl ies the support materia l ,  which is  usual ly present in  the bottom of the tank used for 
growing whether it is a bottle or large tank, and once a partic le  is removed gently, a white 
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l imy layer starts to detach from the sol id part ic le surface .  This  means absence of strong 
adhesion between the bacterial colonies and these particles, possibly due to lack of 
electrostatic interaction bet\,veen these partic les used and the bacterial cel ls . This attraction 
hould be the first step in biofi lm formation. 
The only material that we were able to examine using SEM tool was polyurethane, and a 
tunning observation was made. Polyurethane cubes are highly porous and were used to 
gro\\ biofilms in many investigations, among them Stuckey et a i ,  1381 . Our observation 
upported b) SEM imagery (figures 5 . 50-5 .52) showed that the Nifrosomonas cel l s  were 
not attached to polyurethane threads inside the matrix .  Instead, they tended to form some 
egregate communities on some sort of crystals ;  we bel ieve is insoluble phosphate crystals 
used in the preparat ion of nutrient media, which is  more l i ke ly since Nilrosomonas gets 
attracted to surfaces with part ia l ly positive charge . Al ternatively, they might be some kind 
of impurities, which \vere embedded during the manufacture of this commercia l  
polyurethane. 
Figure (5.50):  Porous structure of Polyurethane (SEM Photo) 
1 46 
Figu re (5.5 1 ) : Bacterial aggregates ins ide Polyurethane (SEM Photo) 
Figure (5.52):  Bacterial aggregates on mineral crystals or impurities (SEM Photo) 
1 47 
8 17 {  
SNO I�VaN:IWWOJ:IH 
'S' SNOISil�JNOJ -9 
UOIJ{!pu.mlluo�')'!:l 7'f? UOI n l:>u0.J 9 1Jldu4.J 
Recommendation. 
[hc aim of this im \.!stigation \\ as to assess the potcntial of using immobi l ized nitrifiers III 
large-scale \\ astewatcr trcatment appl icatIon. fhe stud) focused on PVA hydrogel a 
cntrappl l1 g  immobi l ization matrix .  We bc l ic\ c that our objecti\'es were met, and the result-­
from various c"pcrJments in this i l1\ cstigat ion a ffirmed the fact that immobi l ization 
matnces do prO\ ide protection to the biomass entrapped. Moreover, the results provided u 
with pre\ iousl; unreported quanti tati,e trends. PYA proved to be a suitable and rel iable 
gel carrier for nitrifying bacteria, and freeze-thaw c ross l ink ing technique was the best 
among the teclmiques employed. In the next few pages, detai led conc lusions are presented. 
• The experiments carried out on gelation of PYA provide a useful  guide to future 
work in this field. Many invest igations that employed PYA as immobi l iz ing 
material used d ifferent cross l ink ing teclmiques. These techniques i nc luded freeze­
thaw or with boric acid  or even co-immobil ization with a lg inate . The results 
obtained c learly demonstrate the unre l iable behavior of PY A gels crossl i nked with 
boric ac id or those co-immobi l ized with alginate and cross l inked with CaCh 
fol lowed by freeze/thaw cyc les .  In addi tion, the deta i led procedure of freeze-thaw 
technique is of great importance. Creating the adequate conditions inc luding low 
freezing rate and low thawing rate enabled us to acquire high mechanical  strength 
PYA gels with high diffusive properties and durable immobi l izing matrix .  
• Few companies in  the world have the knowledge and capabi l it ies of produci ng pure 
stra ins of ce l l  cu ltures and se l l i ng them to the consumers. The issue of b iomass 
viabi l i ty after storage periods is something that prevents the consumers from 
buying these ce l l  cul tures and storing them. Instead, they tend to buy them 
whenever they need to. In wastewater treatment, this is not a practical situation 
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�sp�c ial ly In c i rcumstances where Immediate action must be taken to impro\ e a 
fal l ing e rfic ienc), in the treatment process. Our results from bacterial act ivi ty test 
and further experiments proved that storage (year and hal f in our invest igat ion) of 
nitri fying bacteria. part icularly X,lrvwlJ1onas in the refrigerator at 4-6 °L I II a 
nutrient rich cul ture did not affect their reacti\ ation potent ial significant ly. e\ en at 
10\\ substrate concentrations. j\,loreover. at high inhibitory concentrations of 
ammoI1 la. immobi l ization prov ided an adequate protection shield. which enabled 
the nitri fying bioma to recover their activity after harsh immobi l i zation 
procedure. Then. they resume their nitrification function smoothly. 
• This  i nvestigation attempted for the first t ime to study the effect of PV A gel 
entrapping matrix composit ion on the efficiency and viabi l i ty of the nitrifying 
bacteria. This  i ssue was not addressed before in  the relevant l i terature and we 
expected that the results of this i nvestigation would provide a valuable addi tion to 
this field of research. The results showed that among the three compositions 
employed in this work, namely, 1 0%, 1 5%, and 20%, the 1 0% composition proved 
to be the best in terms of h igher n i trite l iberation rates, shorter t ime required for 
reactivation, negl igible biomass leaching, and very promis ing tolerance to the 
shocks appl ied (pH and load shock) .  We even noticed doubl i ng of nitrite 
production rate in  the 1 0% systems after shock appl ication. 
• The effect  of ini tial ammonia concentration used in  reactivation was also assessed 
in this i nvestigation. The resu l ts showed that the nitr ifying bacteria reactivated in 
the 1 00 ppm concentrations showed higher performances, faster react ivation t imes 
and better tolerance to the shocks, even to a load shock, which was unexpected . In  
addi t ion, h igh performance in the pH shock was a lso observed. 
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tuuying the behavior of immobi l izeu nitrifiers under batch operation conditions 
was planned rhe results sho\\ ed higher tolerance to ni trite le\ e ls .  even at high 
inhibitor) concentrations. PYA immobi l ized nitrifiers succeeJed in maintaining 
their ammonia oXidizing act i\ it ies in the presence of high le\ e ls of i nhibitory 
ubstanccs (ammonia and nitrite . \\ ith ni trite levels within 1 00-250 ppm) .  
• The reactors used in almost a l l  the experiments were bubble columns with different 
configurat ions (height to diameter rat io) .  Al though this was not represent ing a goal 
for us to study, the general remark that we can state is that, the results obtai ned did 
not sho\',' any s ignificant d ifference between the performances in each of the 
configurations uti l ized. Airl i ft  reactors were used in fe\\ runs with calc ium alginate 
immobi l ized bacteria. The results showed higher ammonia oxidation rates than for 
free ce l l s  or s imi larly immobil ized nitr i fi ers that have been employed i n  bubble 
co lumns.  These results agree with what has been mentioned earl ier in section 
(2 . 8 .2) ,  which is  that a irl i ft  reactors are more advantageous in providing higher 
mass transfer raten [8� 1  
u ggest ions for fu t u re work 
The research team in this work has gained a considerable knowledge and expenence 
throughout this i nvestigation. Because of t ime constraints, the objectives were l imi ted to 
achievab le  l im its. Many innovative ideas came to our minds, and a number of suggestions 
for continu ing the research in  this field should be at least mentioned. These can constitute 
the basis for future work. 
• I n  this i nvestigation, we could not perform any enumeration method for estimating 
the biomass after the immobi l i zation experiments. If  done in  fol lowing 
i nvestigations, it would be a valuable addition and opens new horizons for 
1 5 1  
undastanding tht! nature of bacterIal gro\\1h inside i I11mobi l ilat ion matrice 
10rcO\ er. i t wi l l  he lp  in assess l I1g the effect of the con fin ing immobi l ization 
matrix on bacterial gro\\ th k inet l_u .  
• In this plt!ce of work.. onl) the effect of load and pH shocks \" as studied. Studying 
more tox ic or inhibitor} shocks l ike hea\ y metal s or temperature shock can be 
considered for future i l1\ estigation. and the results wi l l  be of great he lp to the 
\yastewater treatment industry. 
• Limited budget was a constraint to perform continuous operations and doing more 
tudies on airl ift  reactor systems. We had a large number of  runs and only two 
reactors were avai lable .  We suggest doing this experiment under continuous 
process conditions and examining the effect of HRT on the effic iency as \vel l  as on 
the shock tolerance .  Final ly, studying the effect of airl i ft  reactor configuration and 
comparing the k inetic data obtained to bubble columns. 
• Cubes were the PV A entrapping geometry adopted for the immobil ization matrices 
in this investigation and they had high performance in reactivation and shock 
tolerance tests. New geometric configurations can be developed, l ike thin sheets 
that can be vert ical ly fixed in a treatment tank, or hol low cyl inders that entraps 
ei ther both ni trifying and denitrifying cultures and an organic carbon sol ution can 
pass in the i nner part of the hol low cyl inder, or entrapping Ni{rosomonas and 
denitrifiers directly and e l iminating the nitrite oxidizing bacteria. 
1 52 
£ � 1 
I .  Barnes. D . B l i -;s. P l  . . B iological Control of Nitrogen In  Wastc\\ ater Treatment. 
nin!rsit) Press. Cambridge. 1 9° "  
2 .  Pal l1tcr H A. ,\ re\ ie\\ of l i terature on  inorganic ni trogen metabol ism l l1 
1l1 I c roorgani:'m).  \\' at .  Res . .  1 970; 4 :  393-450. 
3 Prakasam. T.B .S  . .  Loehr. R.C . .  l'v1 icrobial Nitri fication and Denitri fication l l1 
oncentratcd Wastes. Water Research. 1 972 ; 6 :  859-869. 
4 Painter H.A. . Microbial transformations of inorganic nitrogen. Prog Water Technol 
1 977 . 8 :  3-29. 
5. Sharma, B . ,  Ahlert ,  R.C .. Nitrification and Nitrogen Remova l ,  Water Res. , 1 977 ;  
1 1 : 897-925 .  
6 .  Focht. D .O . ,  Chang, A .C . .  Nitr ification and Denitrification Processes Related to 
Waste Water Treatment. Adv. App! .  Microbio ! . ,  1 97 5 ;  1 9 : 1 53- 1 86 .  
7 .  V .  Nenov. ,  D. Kamenski ,  Model based study of the first stage of biological 
nitrification (NH4 + oxidation to N02'), Environmental Model ing & Sofuvare 2004 ; 
1 9 : 5 1 7-524. 
8. Wang lianlong, Yang Ning, Partia l  nitrification under l im ited dissolved oxygen 
condit ions, Process B iochemistry 2004 ; 39 :  1 223- 1 229, from Hooper AB.  
B iochemistry of  the nitrifying l ithoautotrophic bacteria. I n :  Schlegel HG,  Bowien 
B, editors. Autotrophic bacteria. Madison, WI: Sc ience Tech, 1 989; 239-65 .  
9 .  Daniel S .  Hagopian, lohn G .  Ri ley, A c loser look a t  the bacteriology of 
n itrification, Aquacultural Engineering 1 998 ; 1 8 : 223-244. 
1 0 . Be lser, L .W.  B icarbonate uptake by nitrifiers: effects of growth rate, pH, substrate 
concentration, and metabo l ic inhibitors. Appl .  Env. Microbiol . 1 984; 48 :6 :  1 1 00-
1 1 04 .  
1 54 
J J .  Envi ronmental Protection Agency. Process Design �lanual for �itrogen Control 
l� . � .  I . 1' ;\ . Washington. D.C . J 975 .  
1 2 . Gujer. W . .  Jenkins. D . .  The Contact Stabi l izat ion Process--Ox) gen and Nitrogen 
1ass Balance�. Uniycrsi l) of Cal i fornia. Sanitary Engineering Research Lab. 
LRL Report 74-2, I ebruar) . 1 974 
1 3  Cami l l a  Grunditz and Gunnel Dalhammar, Deve lopment of nitri fication inh ibit ion 
assays lIs ing pure cultures oLVilrvsvmvnas and Xilrobacler, \\'at. Res . ,  200 1 ;  3 5 : 2 :  
433-440. 
I · t Kno\\ les. G .. Downing, A. L. and Barrett . M. J . ,  1. Gen. Microbio l . ,  1 965 ;  38 :  263-
78 .  
1 5 . LO\ e less, J .E . ,  Painter, H .A . ,  The In fluence of  Metal Ion  Concentration and pH 
Value on the Growth of a Nilrosomonas Strain I solated from Activated S ludge, J .  
Gen Microbio l . ,  1 968:  52 :  1 - 1 4 .  
1 6 . Anthonisen, A .C . ,  et a I ,  Inhibition o f  Nitrification by Ammonia and Ni trous Acid, 
J .  Water Pol l .  Control Fed., 1 976; 48 : 5 .  
1 7 . A l i  R .  D incyer, F ikret Kargy, K inetics of  sequent ia l  nitrification and denitrification 
processes Enzyme and M icrobial Technology 2000: 27: 3 7- 42. 
1 8 . Toml inson. T.G. ,  Boon, A.G. ,  Trotman, C .N .A . ,  Inhibition of Nitrification in  the 
Activated S ludge Process of Sewage D isposal ,  J .  Appl .  Bact . ,  1 966; 29 :  266-29 1 .  
1 9 . Abel ing U, Seyfried CF. ,  Anaerobi c-aerobi c  treatment of high strength ammonium 
wastewater nitrogen removal via nitrite . Water Sci Techno! .  1 992 : 26: 1 007- 1 5 .  
20. Turk 0,  Mavinic OS .  Selective i nh ibit ion: a novel concept for removing nitrogen 
from highly n itrogenous wastes. Environ Technol Lett, 1 987; 8 :  4 1 9-26. 
2 1 .  Turk 0, Mavinic DS.  Maintaini ng n i trite buil d-up in a system accl imated to free 
1 55 
Chaptcr 7 Reti:rcncc 
ammonia, \\'ater Res, 1 989 .  23 .  1 383-8. 
22. V i l l tl\ erde � . . Fdz-Polanco f .  Garc ia P I\ :'\ltr ifying biofi lm acc l imation to free 
ammonia in submerged biofi lters : start-up in fluence. Water Res 2000; 34 :  602- 1 0 . 
n ]ctten I\ l S� 1 .  Strous f\ L  van de Pas-Schooncn KT, Schalk J ,  van Dongen UGJ f\ 1 .  
van de Graaf , et al The anaerobic oxidation of ammonium. FEtvlS  I\ l icrobiol 
Re\ , 1 999; 22: 42 1 37 .  
_- L  Yang L,  Al leman JE .  Investigation of batchwise ni trite build-up by an  enriched 
nitrification culture. Water Sc i  Technol ,  1 992 ; 26 :  997- 1 005 . 
choberl , P . ,  Enge l .  H . ,  Behavior of Nitri fying Bac teria in  the Presence of 
Dissolved Oxygen, Arch Mikrobiol . ,  1 964; 48 :  393-400. 
_6.  G. Ruiz, D. Jeison, R .  Chamy, Nitrification with high nitrite accumulat ion for the 
treatment of wastewater with high ammonia concentration, Water Research, 2003;  
3 7 :  1 3 7 1 - 1 377 .  
27 .  Wang J ianlong, Yang Ning, Partial nitrification under l im i ted dissolved oxygen 
conditions, Process B iochemistry 2004;  39 :  1 223-1 229. 
28.  B uswelL A.M.,  Shiota, R. ,  Lawrence, N. ,  Meter, 1 .  V. ,  Laboratory Studies on the 
K i netics of the Growth of Nitrosomonas with Relation to the Nitrification Phase of 
the BOD Test, Appl .  Microbiol . ,  1 954; 2 :  2 1 -25 .  
29 .  Hockenbury, M.R . ,  Daigger, G.T., Grady, c .P .L . ,  Factors Affect ing Nitrification, J .  
Environ. Eng. Div. Proc. Am.  Soc. C iv i l  Eng. , 1 977 ;  1 03 :  9- 1 9 . 
30 .  Johnstone, B .H . ,  Jones, R.D. ,  Effects of l ight and CO on the survival of a marine 
ammonium-oxi diz ing bacterium during energy source deprivation. App!. Env .  
M icrobio l .  1 988 ;  54 :  1 2 :  2890-2893 . 
3 1 .  Wijffels, R .H . ,  Englund, G. ,  Hunik, J .H . ,  Leenen, E.J .T.M. ,  Bakketun, A. ,  Gunther, 
1 56 
Chapter 7 Rcference�· 
bon de Castro, J JvL ,  Tramper. J. E ffects of d i ffusion l imitation on 
immobi l t/ed ni tri fYing microorganisms at 10\\ temperatures. B iotechnology and 
B IOengineerIng. 1 995 . -i s :  1 -9. 
"' 2 .  Kare l ,  S . l· . .  L ib ick i .  S .B  . Robertson. C .R . ,  The immobi l ization of whole ce l l , ­
engtJ1ccnng princ iples . Chem.  tng.  Sc i .  1 985 :  -iO: 1 32 1 - 1 35-i .  
3 P i lk ington, P . IL f\ 1argari t i� ,  l ensour, N.A. ,  Russe l l ,  r . .  Fundamentals of 
immobi l ized yeast ce l l s  for continuous beer fermentat ion : a re\ ie\\ . J .  fnsL Bre\\ . 
1 998 ;  1 0-i :  1 9-3 1 .  
"' -i  \Y .AJ.  Van Benthum, B .P .Derissen, M.C .M.  Van Loosdercht, J .J . IIeijnen, 
itrogen removal using ni tr ifying biofilm growth and denitrifying suspended 
growth in a biofi lm airl ift suspension reactor coupled with a chemostst, Wat. Re� . ,  
1 998 :  32 :7 :  2009-20 1 8 . 
3 5 .  Uwe 1 .  Strotmann, Gunther Windecjer, K inetics of ammonium removal with 
suspended and immobi l i zi ng n itrifying bacteria in d ifferent reactor systems, 
Chemosphere, 1 997; 34 : 1 2 : 2939-2953 .  
36 .  Norton, S . ,  D '  Amore, T . ,  Physiological effects of yeast ce l l  immobi l ization: 
appl ications for brewing. Enzyme Microb. Techno! ' 1 994; 1 6 : 365-375 .  
37 .  Byong-Hee Jun, Uasunori Tanj i ,  Haj ime Unno., St imulat ing accumulation of 
nitrifying bacteria in  porous carrier by addi t ion of I norganic Carbon in  a 
continuous-flow fluidized bed wastewater treatment reactor, J of B ioscience and 
B ioengineering, 2000; 89 :4 :  334-449. 
38 .  Wendy M. Rostron, David C. Stuckey and Andrew A. Young, Nitrification of 
high strength ammonia wastewaters : comparative study of immob i l ization media, 
Wat. Res . ,  200 1 ; 3 5 : 5 :  1 1 69- 1 1 78 .  
3 9 .  Park, 1 .K . ,  Chang, H .N. ,  Microencapsulation of  m icrobial ce l ls .  B iotechnol .  Adv. 
2000; 1 8 : 303-3 1 9. 
1 57 
Chapter I Re ference' 
40 Christie I\.1 .  I [ assan. ""likolao . Pcppas, Structure and Applications of Pol\,vinvl 
alcohol l l ydrogels Produced b) Com cntional Crossl i nk ing or b) I rcez1 l1g/Thawing 
1cthods . .\(h ances in Pol) mer Sc ience. 1 999; 1 53 .  
4 I .  Lozinsk) \' . 1  . Pl ie\ a .  F . 1\1 . .  Poly ( \  in) I alcoho l )  cryogcl s  employed as matrices for 
cel l  immobt l iLation. 3 .  Overv ie\\ of recent research and de\ e lopments, Enzyme and 
f i crobial Technology, 1 998 ;  23 :  227-242. 
42. Leenen, EJ .T.M. ,  Dos Santos, V .A.P .M. ,  Tramper, 1 . ,  Wij ffels, RH, Characteristics 
and selection cri teri a of support materia ls for immobil ization of nitrifying bacteria. 
Immobi l ized ce l l s :  Basics and Appl ications, 1 996; 1 1 :  205-2 1 2 . 
43 . Holben, W.E . ,  Noto, K . ,  Sumino, T., Suwa, Y . ,  Molecular analysis of bacterial 
communities in  a three-compartment granular activated s ludge system indicate 
community-level control by i ncompatible nitrification processes, Appl ied and 
Environmental Microbiology, 1 998:  64 : 2528-2532 .  
4-l .  Van Ginkel ,  C .G. ,  Tramper, 1 . ,  Luyben, K.Ch.A .M. ,  K lapwijk,  A . ,  Characterization 
of Nilrosomonas europaea immobil ized in calc ium alginate, Enzyme Microb. 
Techno! . ,  1 983 ;  5 :  297-303 .  
45 .  Sung-Koo Kim, Insoo Kong, B yung-Hun Lee, L imseok Kang , Min-Gyu Lee, Kuen 
Hack Suh, Removal of ammonium-N from a reci rculation aquacultural system 
using an immobi l ized nitrifier, Aquacultural Engineering, 2000; 2 1 :  1 39-1 50 .  
46. Chunzahao L iu, Hiroyuki Honda, Akira Oshima, Masahige Shinkai, Takeshi 
Kobayashi ,  Development of Chitosan-Magnetite Aggregates containing 
Nitrosornonas europea Cel ls  ofr Nitrification Enhancement, 1 .  of B ioscience and 
B ioengineering, 2000; 89 :5  420-425 .  
47 .  Leenen, E .1 .T .M. ,  Van Boxte l ,  A .M.G.A. ,  Englund, G . ,  Tramper. 1 . ,  Wij ffels, R .H . ,  
Reduced temperature sensitivity of immobi l ized Nitrobacter agilis cel l s  caused by 
diffusion l im i tation, Enzyme and Microbia l  Technology, 1 997; 20 :  573-5 80. 
1 58 
Ch3plcr 7: Reference. 
48 Wi l lncrt. R.G . Baron. G.V .. Gel entrapment and m icro-encapsulation : methodv. 
appl IcatIOns and engincering princ iples. Re\ icws in Chemical Engineering. 1 2 . 
Freud Publ ishing Housc, London. 1 996. 
49 Sumino. " . Nn"amura, 1 1 . .  t-.lori , N . ,  Ka\\ aguchi , Y., Immobi l ilation of ni tri Cv ing '"' - � 
bacteria by polyethylene glycol prepo lymer, 10urnal of Fermentation and 
B ioengineering, 1 992; 73 : 3 7-42. 
-0 .  Tada, M. ,  Kimata. T. ,  Mori , N . ,  Emori , H . ,  Nitrogen removal systems USlI1g 
immobi l ized microorganisms in synthetic res in ,  Hitach i  Review, 1 990; 39 :  379-
386 .  
5 1 .  Tanaka, K . ,  Nakao, M. ,  MorL N . ,  Emori, H . ,  Sumino, T. . Nakamura. Y. ,  
ppl ication of immobil ized ni trifiers ge l to removal of high ammonium nitrogen , 
\Vat . Sc i .Tech . ,  1 994; 29: 24 1 -250. 
-2. Emori, H . .  Nakamura, H., Sumino, T. ,  H igh rate and compact s ingle s ludge pre­
denitrification process for retrofit, Proc. of 1 ih IA  WQ B iennial Conference 
(Budapest-Hungary), 1 994; 1 :  3 1 -40. 
5 3 .  Emori . H . ,  M ikawa, K . ,  Hamaya, M . ,  Yamaguchi ,  T., Tanaka, K . ,  Takeshima. T. ,  
PEGASUS I nnovative biological n itrogen removal process using entrapped 
n itrifiers. Immobilized Cel ls :  Basics and Appl ications (Progress in Biotechnology, 
1 996; 1 1 :  546-555 .  
54 .  Chuboda, P . ,  Pujol ,  R . ,  Emori , H . ,  Bourdelot, J . c . ,  Rovel ,  1 .M. ,  Comparison of a 
system using immobi l i zed microorganisms with a conventional activated s ludge 
process for wastewater treatment. I n  Wijffels ,  R .H ,  Buite laar, c . ,  Bucke, c . ,  and 
Tramper, 1 .  (Eds) I mmobi l ized Cel l s :  Basics and App l ications. E lsevier Science, 
1 996: 7 1 0-7 1 7 . 
55 .  Ariga, 0. ,  Takagi, H . ,  Nishizawa, H . ,  Sano, Y . ,  immobil ization of Microorganisms 
with PYA hardened by i terative freezing and thawing, Journal of Fermentation 
1 59 
Chapter 7 Referencec 
Technology, 1 987.  65 65 1 -65 8 .  
5 6 .  Asal1o. I I . .  e t  a I , ,\ Study of Nl tn fication Ut i l izing Whole r-. l icroorganism 
Immobi l ized b) the PVA-freczing �fethod. Water Sc i .  Techno! .  (G .B .) .  1 992 : 26:  
1 037 .  
-7 Furukawa. h. . . I ke .  A . Ryu. S .L . ,  FUj i ta. � L  Nitrification of NH4-N pol luted sea 
\\ ater by immobi l ized acc l imated marine nitrifying s ludge (AMNS). Journal of 
Fermentation and Bioengineering. 1 993 ; 76: 5 1 5-520.  
58 .  Furukawa. K . .  R) u. S .L . ,  Fuj i ta, M. ,  Fukunaga, I . ,  Ni trogen pol lution of Leachate 
at sea based sol id waste disposal site and i ts nitrification treatment by immobi l ized 
accl imated nitrifying s ludge, Journal of Fermentation and B ioengineering, 1 994; 
77: 4 1 3 -4 1 8 . 
59 .  Hashimoto. S . .  Furukawa, K . ,  Immobi l ization of activated s ludge by PYA-Boric 
cid Method, B iotechnology and B ioengineering, 1 987 ;  30: 52-59 .  
60. Vogelsang C. ,  Husby, A . ,  Ostgaard, K . ,  Functional stabi l i ty of temperature 
compensated nitrification in domestic wastewater treatment obtained with PYA 
B Q/alginate gel entrapment, Water Research, 1 997; 3 1 :  1 659- 1 664. 
6 1 . C. Vogelsang, K. Gol l embiewski and K. 0stgaard, Effect of preservation 
techniques on the regeneration of gel entrapped n itrifying s ludge, Wat. Res. 1 999; 
3 3 : 1 :  1 64- 1 68 .  
62.  Guo-min  Cao, Qing-xiang Zhao, Xian-bo Sun,  Tong Zhang, Integrated nitrogen 
removal in a she l l-and-tube co-immobil ized ce l l  bioreactor, Process B iochemistry 
2003 ; 39 :  1 269- 1 273 .  
63 .  Eun-Ju Park, Jae-Koan Seo, Mi-Ryung Kim, I 1 -Hyong Jung, Joong yun Kim,  
ung-Koo Kim, Sal in ity accl imation of immobi l ized freshwater denitrifier 
Aquacultural Engineering 200 1 ; 24 : 1 69-1 80.  
1 60 
Chapter 7. Reference, 
6-1-.  Jae-Koan �eo. I l -f Iyong Jun. \1i-Ryung Kim. Byong J in K l ln . Soo-Wan 1'\am. 
' lIng-Koo Kl lll . l\ltn fication perfom1ance of nitr i fiers immobi l ized in PVA 
(poIY\ , I I1) I alcohol )  for a marine reC i rculating aquarium system. Aquacul tural 
Engineering 200 1 ;  24: 1 8 1 - 1 94 .  
65 Chlh Cheng Chang and Szu Kung Tseng. I mmobi l ization of A lcaltgel/es 1!1Ifrophw 
uS l l1g PYA crossl inked \\ ith sodium nitrate, B iotechnolog) Techniques. 1 998:  
1 2 ' 1 2  865 868. 
66 .  Wu. KA and Wisecarver. KD, Biotechno l .  B ioeng. ,  1 992 ; 39: 447-449. 
67. Chen. K.e. and Lin, Y.F . ,  Enzyme Microb. Technol . ,  1 994; 1 6 : 79-83 .  
68 .  A .E .  I vano\ , H .  Larsson, I .Yu. Galaev, B .  Matt iasson. Synthesis of boronate­
containing copolymers of N,N-dimethylacrylamide ,  their interact ion with 
pol) (\ iny I alcohol) and rheological behaviour of the gels Polymer 2004 ; 4 5 :  2495-
2505 .  
69 .  Mi tsuhiro Shibayama, Masahiro Sato, Yoshiharu Kimura, Hiroshi Fuj iwara and 
hunj i  Nomura. l i B N1vlR study on the reaction of poly (vinyl alcohol) with boric 
acid, Polymer, 1 988 ;  29 : 2 :  336-340. 
70.  K uo-Cheng Chen, Shihn-Chang Lee, Sheng-Chi Chin, and Jer-Y i ing Houng, 
imul taneous carbon-nitrogen removal in wastewater using phosphorylated PV A­
immobi l ized microorganisms, Enzyme and Microbial Technology 1 998;  23 : 3 1 1 -
320.  
7 1 .  Christie M .  Hassan, Nikolaos A .  Peppas, Cel lu lar PV A hydrogel s  produced by 
freeze/thawing, Journa l  of Appl ied Polymer Science, 2000; 76 :  2075-2079. 
72 . Cata lan-Sakairi, M.A. ,  Wang, P . I .e . ,  Matsumura, M., Nitrification performance 
of marine nitrifiers immob i li zed in polyester- and macro-porous ce l lulose carriers, 
Journal of Fermentation and B ioengineering, 1 997; 84: 563-57 1 .  
1 6 1  
Chapter 7 .  Refen:nee' 
73 .  Cristiano �icole l la, Mark c . t\' 1 .  van Loosdrecht and Se[ 1 .  HelJnen. Particle-based 
biofi lm reactor technology. T I B l  E C I  L 1 8 . Jul) 2000. 
74 . God ia. F. and Sola. C ,  Fluidized bed bioreactors. B iotechnol . .  Prog. 1 995 :  I I : 
479-497. 
75 .  Tomaszek. J .A .  ami Grabas . M . . Biofi lm reactors : a new form of wastewater 
treatment. In Chemistry for the protection of the environment, 1 05-1 1 6. P lenum 
Press, 1 998 .  
76. Lettinga. G .  et  aL Use of the upflow sludge blanket reactor concept for biological 
wastewater treatment especia l ly for anaerobic treatment. Biotechnol .  B ioeng. 
1 980;  22: 699-734. 
77. Heij nen, J.J. et ai, Review on the appl ication of anaerobic fluidized bed reactor 
in wastewater treatment. Chem. Eng. J . ,  1 989:  4 1 :  B37-B50.  
78 .  Matsumura, M. ,  Yamamoto, T. ,  Wang, P I  C . ,  Sh inabe, K . ,  Yasuda, K . ,  Rapid 
nitr ification with immobi l ized cell using macro-porous cel lulose carrier, Wat. Res . ,  
1 997 :  3 1 :  1 027- 1 034. 
79 .  Morsyleide F .  Rosa, Angela A. L. Furtado, R icardo T. A lbuquerque, Selma G.  F. 
Leite, Ricardo A .  Medronho, B iofilm development and ammonia removal in  the 
n i tr ification of saline wastewater, B ioresource Technology, 1 998 ;  65 : 1 3 5 - 1 38 .  
80 .  Michae l Rodgers, Xin-Min Zhan, B iological nitrogen removal using a vertical ly 
movi ng biofilm system, B ioresource Technology. 2003 . 
8 1 .  Chuzhao Liu, H iroyuki Honda, Akira Ohshima, Masahige Shinkai, Takeshi 
Kobayashi ,  Development of Chitosan-Magneti te Aggregates containing 
Nitrosomonas europea cel ls for nitrification enhancement, 1. of Bioscience and 
B ioengineering, 2000; 89 :5 : 420-425 . 
82 .  Kazuaki Hibiya, Satoshi Tsuneda, Akira Hirata, Formation and characteristics of 
1 62 
nitri J)' ing biofi l Ill on a membrane modified with positively-charged polymer 
chains. C ol loids and Surfaces 13 :  Biointerfaces 2000. 1 8 : 1 05-1 1 2 .  
83 . 1 .l  Campos, J .M.  Garrido-rernande.l, R .  t\ lendez, 1 . M .  Lema, Nitri fication at 
high ammonia loading rates in an acti, ated sludge unit. Bioresource Techno log\ . - . . .... ....... ...... ... 
1 999, 68 1 4 1 - 1 48 .  
4 .  Doran, P . t\ 1 . .  B ioprocess Engineering Princ iples, Academic Press Lim ited, London. 
1 999 
- . Perr) , R .H.  Green, D .  W.,  Perry's Chem ical Engineering Handbook, McGraw H i l l , 
eventh edition, Austra l ia ,  1 998 . 
6 .  Tom D .  Reynolds, Paul A. Richards, Unit Operations and Processes 111 
Em ironmental Engineering, PWS Publ ishing company, second edition, 1 996. 
7 .  S. V i l l averde , F .  Fdz-polancom and P .  A. Garcia , Ni tr ifying biofilm accl imation 
to free ammonia in submerged biofil ters . Start-up i nfluence, Wat. Res. 2000; 
34 : 2 :  602-6 1 0 . 
8 8 .  C hristi an Fux , Marc Boehler, Phi l ipp Huber, Irene Brunner, Hansruedi S iegrist, 
B iological treatment of ammonium-rich wastewater by part ial n itri tation and 
subsequent anaerobic ammonium oxidation (anammox) in a p i lot plant, Journal of 
B iotechnology, 2002 ; 99: 295-306. 
89 .  Hyungseok Yoo, Kyu-Hong Ahn, Hyung-Jib  Lee, Kwang-Hwan Lee, Youn-Jung 
K wak and Kyung-Guen Song, N itrogen removal from synthetic wastewater by 
s imultaneous nitrification and denitrification (SND) via nitrite 111 an 
i ntermi ttently-aerated reactor, Wat. Res. 1 999; 33 :  1 :  1 45- 1 54 .  
90. 1 .  E .  Bai ley & D. F .  O l l i s, B iochemical Engineering Fundamentals, 2nd edition 
McGraw H i l l ,  Inc . ,  1 986.  
9 1 . Guo-min  Cao, Qing-xiang Zhao, Xian-bo Sun, Tong Zhang, Characterization of 
1 63 
Charlo=r 7 :  Relerence. 
nitri fY ing and denitnfying bacteria coimmobi l ized in  PYA and k inet ics model of 
bio logical  n i trogen removal by cotmmobi l i zed ce l l s .  Enz) me and Microbia l  
Techno logy 2002 : 30 :  49-55 .  
92 . Emerson. K .  R .  C Russo. R . I:' . L und. and R . \' .  Thurston . . \queous ammonia 
equt l i bri LlIl1 ca lcu lat ions:  e 1Tect or  pi  [ and temperature .  1. ! - ish Res. Board L an . . 
1 975 :  3 2 :  2379-2383 .  
93 .  Shu-Fang Yanu , Joo-1 Iml Ta\', Yu L iLl , I nh ibit ion of free ammonia to the � � -
formation of aerobic granules, B iochemical Engineering Journal 2004 : 1 7 : 4 1 -48 .  
1 64 
�9 1 
S :tIJIGN:tIddV -8 
P PENDI X 1 
Assays Res u l ts & Ca l i b ra t i o n  L u rve  
8 . 1 . 1 .  N i t r i t e  ca l i bra t ion  c u rye 
i trite ca l Ibration cun c \\ as done three t imes a long the period of experimentation. the 
purpose of repeating the test was to ensure of the reproducib i l ity of resu l ts that m ight be 
a1Tected b) an) changes result ing from the spectrophotometer sensi t i \  ity or reagents used 
in the tests. The Figures ( 1 . 1 ,  1 .2 ,  1 .3 )  shown belovv demonstrates our results . 
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Figu re ( 1 . 1 . 1 ) : Nitrite cal ibration curve 1 
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Fig u re ( 1 .2 .2) :  Protein  content cal ibration curve 2 
j 
After drawing these cal ibration curves for the standard protein (Bovine a lbumin) ,  and in 
order to determine the protein content in our bacterial s lurry . 0.5  g bac teria l  s lurry was 
d issolved in 1 0  m l  of dist water, ( i .e .  1 m l  of this solution contains 0.05 g of bacterial 
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S I UlTY)· 0. 1 :  0 2  and 0.5  m l  of th is  bacterial  solut ion was taken and the) were treated with 
the same wa) as [or standard bo\ inc a lbum i n .  The read i ngs obta i ned \\ ere a\ eraged and 
the prote in  content o[ the bacteri al  s lurry \\ as determ l l1ed, \\ h ich  i s  each I g of bacteria l  
s lurry contains 1 8 ,50 I ppm of prote in .  
8. 1 .3 .  D r) B iomass est i m a t io n  
2 g o f  bacterial s lurry was d issoh'ed i n  2 0  m l  d i s t  water. A 1 0  m l  pOl1 ion was taken and 
fi l tered through ce l lu lose n i trate membrane fi l ter paper. The fi l ter paper was dried then at 
o cC 0\ ernight. The dried fi l ter paper was then weighed.  The resul t i ng dry biomass after 
fi l tering is 0.0443 g 
1 g o f  bacteria l  s l uff; i s  == 44. 3  m g  dry biomass 
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A P PENDIX 2 
I n s t r u m e n ts & Dev ices Used 
8.2 . 1 .  � pect rop h o t ometer  
rhe spectrophotometer used in our tests was UV-Pl l ILIPS .  and i ts model \Vas PU8620 
Ll\' VI  lR S pectrophotometer. 
The cell used was PYE-UNICAt-.1  B . S  3875 . 1 B , 1 0  mm F.�.  
8 .2 .2 .  p H  meter 
Two pH meters were used along the experiments, first one was from Aqua LYTIC, and its 
model is  Sensa Direct pH 1 9 . 
The other one was [rom Hanna I nstruments and i ts model number is 1 28 1 .  
8.2.3.  D O  meter 
The dissolved Oxygen meter used was suppl ied from JENW A Y, UK and i ts model number 
is 970, DO readings c an be displayed in % or mg/I . 
8.2A. Peristalt ic p u m ps used 
Manostat pump suppl ied from PRESTON, Voristal t ic Power Pump and its model number 
is  72-370-230 
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P PENDIX 3 
Deta i led E x p e r i m e n ta l  Res u l ts & Da ta  
:\ i t r i fica t ion  te�ts 
.3 . 1 .  Free cel lI)  n i t ri fy i n g  bacteria a c t iv i t) te� t "  
" 1:> - B A  J (0 .6 ) ear after purchase, 30  ppm N 1 13, 2 g bactertal s lu rr), bubble column Be I )  
I I T i m e  
01 1  o f  sam pic  takcn A bso rba nce N i t ri t e-N con t c n t  (ppm) ( I I  r) 
J 20 0 .528 0.460522 
2 20 0 .848  0.739626 -
3 1 0  0 .889 1 .550772 
4 5 0 .6 1 I 2 . 1 3 1 657 
4.5 3 0 .452 2.628229 
5 I 0 .20 1 3 .506244 
2 1  0 . 1 0 . 1 6  27.9 1 04 I 
- BA2 ( I  year after purchase, 3 0  ppm NH), 2 g bacterial s lurr) , bubble column BC I )  
T i m e  01 1 of  sa m plc taken  A bsorbance N i t ri te-N content  (ppm) ( H r) 
1 20 0 .52 1 0.4544 1 6  
2 20 0 .839 0.73 1 776 
3 1 0  0 .8  I 1 . 4 1 2964 
5 5 0 .6 1 5  2. 1 456 1 2  
7 ., 0.47 1 2 .738708 J 
9 I 0 .247 4.308668 
23 0 . 1 0 . 1 55 2 7.0382 
-SA2 ( 1 .5 year after purchase, 30  ppm NH), 2 g bacterial s lurry, bubble column BC I )  
T i m e  
m l  of  sa m ple taken  A bsorbance N i t r i te-N content  ( ppm) ( H r) 
1 20 0 .508 0,443078 
2 20 0 . 8 1 5  0 . 7 1 0843 
3 1 0  0 .788  1 .374587 
5 5 0 .6  2.09328 
7 3 0 .468 2 .72 1 264 
9 1 0 .242 4 .22 1 448 I 
2 5  0 . 1 O .  I 5 I 26.34044 I 
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8.3 .2 .  F ree ce l ls n i t r i fy i n g  bac ter ia  react iva t ion  
N S - FC I ( 1 00 ppm N H), -1 g bacterial s lurry=:O. I 77 g dry biomass, bubble co lumn BC I )  
------- -
T i m e  m l o f  Sol u t ion  N i t ri te-N 
s a m ple \ o l u me at  A bsorba nce content  m g  N i t ri te N i t ri te  ppm ( f i r) 
taken sa m ple taking (ppm) sta nda rd basis 
1 2  20 1 590 0.236 0 .205792 0 .3 2720928 0..4908 1 39 
35 20 1 5 80 0 .388  0 .338336 0 .5 3457088 0.80 1 8563 
50 1 5  1 590 0 .388 0 .45 I I 1 4667 0. 7 1 727232 1 .0759085 
64 1 5  1 5 80 0 .587 0 .682485333  1 .07832683 1 .6 1 74902 
80 5 1 5 50 0.223 0 .77782-1 l .2056272 1 .8084408 
96 5 1 600 0 .3 1 2  1 .088256 1 .74 1 2096 2 .6 1 1 8 1 44 
1 1 5 5 1 520 0.54 1 1 . 887008 2 .868252 1 6  4.3023782 
1 3 2  5 1 600 0.978 3 .4 1 1 264 5 .4580224 8. 1 870336 
] 60 I J 590 0.326 5 .68544 9 .0398496 1 3.559774 
1 92 0 .5  1 6 1 0  0.277 9.66 1 76 1 5 . 5554336  23.333 1 5  
22 ] 0 .5  1 5 80 0.479 1 6 .70752 26.39788 1 6  39.59682 2  
256 0 .25  1 5 80 0 .365 25 .4624 40.230592 60.345888 
2 76 0.25 1 5 80 0 .396 2 7.62496 43 .6474368 65.47 1 1 55 
302 0 .25 1 5 80 0.423 29.50848 46 .623 3984 69.935098 
336 0.25 1 5 80 0.43 1 3 0.06656 47 .505 1 648 7 1 .257747 -------
NS-FC2 (300 ppm NH3,  4 g bacterial s lurry�O . I 77 g d ry b iomass, bubb le  column Be l )  
T i m e  m l of  Solu t ion 
N i t ri te-N 
Total  N it ri te N i t ri te ppm 
s a m ple  vo l u m e  at  A bsorba nce content  ( H r) 
ta ke n  sa mple  taking (ppm)  
( m g) produced s tandard basis 
1 5  40 1 560 0 .037 0 .0 1 6 1 3 57  0.025 1 7 1 69 0.0377575 
3 8  40 1 620 0.044 0.0 1 9 1 884 0 .03 ] 0852 1 0.0466278 
54 40 1 640 0 .049 0.02 1 3689 0.035045 0.0525675 
69 40 1 655  0 .055  0 .0239855 0 .039696 0.059544 
86 40 1 625 0 .064 0.0279 1 04 0.0453 544 0.06803 1 6  
98 20 1 635  0.072 0.0627984 0. 1 026753 8  0. 1 540 1 3 1  
1 23 1 0  1 620 0 .065 0. 1 1 3 386  0 . 1 8368532 0.275528 
1 46 1 0  1 63 5  0 . 1 02 0 . 1 779288 0 .2909 1 359  0.4363704 
1 74 1 0  1 620 0 . 1 3 1  0 .2285 1 64 0 . 370 1 9657  0.5552949 
1 94 1 0  1 640 0.223 0 .3 8900 1 2  0.63 796 1 97 0.956943 
2 1 5  1 0  1 63 0  0 .35  0 .6 1 054 0.995 1 802 1 .4927703 
233 1 0  1 645  0 .48 1 0 .8390564 1 .3 8024778 2 .0703 7 1 7  
256  5 1 700 0 .396 1 . 3 8 1 5648 2 .348660 1 6  3.5229902 
2 74 5 1 700 0 .552 1 .9258 1 76 3 .27388992 4.9 1 08349 I 
2 9 2  2 . 5  1 640 0 .375 2 . 6 1 66 4 .29 1 224 6.436836 
336 2 .5  1 660 0.488 3 .4050688 5 .6524 1 42 1  8.47862 1 3  
350 2 .5 1 660 0.49 1 3 .426 5 .687 1 6266 8.530744 
1 72 
Chapter 8 Appendlcc 
8.3.3.  Free ce l ls n i t ri f) i n g  bacteria s h ock to lerance 
:\S-FC-t ( 1 00 ppm Ni l , .  2 g bacterial s lurry;;:0 .088 g dry b iomass. bubble column BC3 }( Load shock) 
-
m l o f  �ol u t i o n  N i t ri te-N To t a l  N i t ri te  p p m  T i m e  N i t ri t e  sa m p ie \ ol u me a t  A b�orbance c o n t e n t  p H  s t a n d a rd ( I I  r) 
t a  h.e n sample  t a k ing ( p p m )  ( m g) basis p rod uced 
1 2  20 780 0.456 o 397632 8 .27 0 3 1 0 1 5 3 0.465229 
30  1 0  750 0.508 0 .885952 8 . 1 6  0 .664464 0.996696 
54 5 760 0.624 2. 1 765 1 2  7 .97 1 .654 1 49 2 .48 1 224 
65 2.5 760 0.63 4 .3 9488 7 .85 3 .340 I 09 5.0 1 0 1 63 
88  I 780 0.562 9.80 1 2 8  7.5 1 7 .644998 1 1 . 4675 
1 1 2 0 5  790 0 .5 1 2  1 7.85856 6 .73  1 4 . 1 0826 2 1 . 1 6239 
1 3 2  0 . 5  800 0 .43 1 1 5 .03328 5 .5  1 2 .02662 1 8.03994 
1 53 0 5  780 0.452 1 5 .76576 6 .3  1 2 .29729 1 8.44594 
1 77 0 5  760 0 .505 1 7.6 1 44 6 .6  1 3 . 38694 20.08042 
200 0 5  790 0.508 1 7 .7 1 904 6.9 1 3 .99804 20.99706 
2 1 8  0 5  780 0 .5 1 1 7 .7888 7 1 3 .87526 20. 8 1 29 
-FC6 ( 1 00 ppm NH), 2 g bacterial s lurry;;:0.088 g dry biomass, bubble  column BC3)(pH s h oc k) 
m 1 0f  Sol u t ion N i t ri te-N 
Tota l  
N i t ri te  ppm Ti m e  N i t ri te  
( H r) s a m ple  vol u me at  
Absorbance con ten t  p H  
( m g) standa rd 
take n  sa mple t a king (ppm) prod uced basis 
1 2  20 780 0 .456 0 .3 97632 8 .27  0 .3 1 0 1 53 0.46522 9  
3 0  1 0  750 0.508 0 .885952 8 . 1 6  0 .664464 0.996696 
54 5 760 0.624 2 . 1 765 1 2  7 .97 1 .654 1 49 2.48 1 224  
65 2 .5  760 0.63 4 .3 9488 7 . 85  3 . 3 40 1 09 5.0 1 0 1 63 
88  I 780 0 .562 9 .80 1 28  7 . 5 1 7 .644998 1 1 .4675 
1 1 2 0 .5  790 0.5 1 2  1 7.85856  6 .73  1 4 . 1 0826 2 1 . 1 6239 
1 32 0 5  800 0.43 1 1 5 03328  5 . 5  1 2 .02662 J 8.03994 
1 53 0 . 5  780 0.452 1 5 .76576 6 .3  1 2 .29729 1 8.44594 
1 77 0 .5  760 0 .505 1 7 .6 1 44 6.6 1 3 . 3 8694 20.08042 
200 0 .5  790 0.508 1 7.7 1 904 6 .9  1 3 .99804 20.99706 
2 1 8  0 .5  780 0.5 1 1 7.7888 7 1 3 . 87526 20.8 1 29 
-_. 
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8.304 .  I m m ob i l iLCd celh n i t r i fy i n g  bacter ia  reac t iva t ion  ( PV A )  
• .>- p\, 1 ( 1 00 ppm 1\' I IJ .  4 g bacterial s lurry=O . I 77 g dry biomass. bubble column Be 1 )( 1 0% p\, 
'l i m e  ml o f. ,a lllple <'ol ut lOn \ ol u llIe \ bsorba nce '\ I t n te-'\ r o n te n t  ppm sta n d a rd ( I I  r) t a ke n  a t �a mpl lRg (ppm) p l I  mg '\ I tri te  ba�i� 
68 �f) 1 500 00 0 0�'7 0.020�967 8 I �  o O-,07�5U5 O.0�6 1 1 "57S 
94 �(I 1 6�0 00 0 053 0 023 1 1 3 3  0 037'1058 1 2  0.0568587 1 8  
1 1 9 10 1 6�0.00 0 07 1  0 030963 1 o ()50779�8� 0.0"6 1 69216 
1 60 �o 1 590 00 0. 1 0 1  0 044046 1 83 0 070033299 0.1 050-199-19 
18-1  �O 1 585 00 o 1 1 5 0 050 1 5 1 5  o 07'1�90 1 2 8  0. 1 1 9235 1 9 1 
208 40 1 530 00 o 1 4� 0 0627984 8 28 0 09608 1 552 0. 1 4-1 1 22328 
2J3 40 1 560.00 o 25� o 1 1 0769� 0 1 72800264 0.259200396 
2 56 25 1 6 1 0.00 OJ I 7  0 22 1 1 8992 8 27 0.356 1 1 577 1  0.53-1 1 73657 
28-1 1 5  1 580.00 0 388 o �5 1 2 1 8 1 33 o 7 1 292�65 1 1 .069386976 
30-1 1 0  1 580 00 0366 0 638450-1 8 25 I 00875 1 632 1 .5 JJ 1 27-1-18 
329.5 2 1 560 00 0 1 1 6  10 1 1 752 I 57833 3 1 2  2.36749968 
353.S 1 . 8 1 590.00 0 1 76 I 705635556 8 1 9  2 7 1 1 960533 4.0679408 
376.5 2 1 590 00 03 1 2  2 72 1 264 4 32680976 6..19021 464 
-100.5 0 85 1 600.00 0.206 4 227604706 8 I I  6 76-1 1 67529 1 0. 1 4625 1 29 
-124.5 I 1 490 00 0.54 1 9 43 720-1 7 9  1 4 06 1 43396 2 1 .092 I S094 
4-18.5 I 1 600 00 0.978 1 7.060232 7 7  27 2963 7 1 2  40.9445568 
-172.5 0 25 1 590.00 0 432 30 1 -13232 47.92773 888 7 1 .89 1 60832 
496.5 0. 1 25 1 6 1 0.00 0 277 3 8 .65590� 62 236005-1� 93.354008 16  
510.5 o 1 2 5  1 5 80.00 0.3 1 9  44 5 1 7088 6 93 703 3699904 1 0S .5054986 
569 0. 1 25 1 580.00 0 4 1 5  57.9 1 408 9 1  5042464 1 37.2563696 
-PV2 ( 1 00 ppm NH), 4 g bacterial s lurry=O. I 77 g dry biomass, bubble column Be 1 )( 1 5 % PV A) 
Time ml o f  sam ple Solution \ olume A bsorbance Ni trite-N content  pH mg Nitr i te  ppm stand a rd (Ur)  take n  at  sample talJng (ppm) basis 
68 40 1 500 0.058 0.0252938 8 . 1 4  0.0379407 0.0569 1 1 05 
94 40 1 560 0.088 0.0383768 0.059867808 0.08980 1 7 1 2  
1 1 9 40 1 600 0 1 85 0.0806785 o 1 2 90856 0 . 1 936284 
1 60 40 1 600 0 727 03 1 70447 8 3 8 0.50727 1 52 0.76090728 
1 84 40 1 600 2325 1 .0 1 39325 1 622292 2,433438 
208 5 1 570 1 .058 3 69 1 1 504 833 5 795 1 06 1 28 8.692659 1 92 
233 I 1 570 0.643 I I  2 1 6492 1 7 60989244 26.4 1 483866 
256 0 5  1 620 0 654 22 8 1 6752 8.05 36 963 1 3824 55,44-170736 
284 0 45 1 600 0 773 29 964 9 1 556 47 94386489 7 1 .9 1 579733 
304 0 25 1 600 0 48 3349248 7.56 53 .587968 80.38 1 952 
329.5 0.25 1 600 0 528 36.84 1 728 58 9467648 88.420 1 472 
353.5 0.25 1 600 0 574 40 05 1 424 7 26 64 0822784 96. 1 234 1 76 
376.5 0.25 1 590 0.6 1 3  42 772688 68 00857392 1 02.0 1 28609 
400.5 0 25 1 6 1 0  0.464 32.376064 6 .56 52 1 2546304 78. 188 1 9456 
424.5 0 25 1 540 0 676 47 1 68576 7 I I  72. 63 960704 1 08.9594 1 06 
448.5 0 25 1 620 0 779 54 355504 8 24 88 0559 1 648 1 32.0838747 
472.5 0 25 1 600 0 8 1 3  56.727888 90 7646208 J J6. 1 4693 1 2  
496.5 0 1 25 1 670 0.454 63 356608 1 05 .8055354 1 58.708303 
520.5 0. 1 25 1 600 048 66.98496 8.04 1 07 1 75936 1 60.763904 I 
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1 620 73 404352 1 1 8 9 1 50502 1 78.372575� 
- P\ '3 ( 1 00 ppm N H ) . ..J. g bacterial s lurry:=O. I 77 g dry biomass, bubble column BC I ) (20% PV A) 
ri me (I I r)  ml of  sa mple Sol u t ion � ol u l11e at  A bsorbance Ni trite-N content  (ppm)  p l l  m g  Nitrite ppm standard 
ta ken sample talJn!!  basis 
68 40 1 540 0 065 0 0283465 8 1 4  0 0436536 1 0.065�80� 1 5  
9 4  40 1 620 0.075 0 0327075 0.052986 1 5  O.079nn25 
1 1 9 40 1 660 0.09 1 0 039685 1 0.065877266 0.0988 1 5899 
160  40 1 660 0 088 0 0383768 8 42 0 063705488 0.095558232 
1 84 40 1 6-10 0 089 0 0388 1 29 0.063653 1 56 0.095-179734 
208 -10 1 600 0. 1 0 0436 1 8 .4 1 0.069776 0 . 1 0466c1 
233 40 1 620 0. 1 54 0.067 1 594 o 1 08798228 0. 1 63 1 97342 
256 25 1 650 0. 1 7 0. 1 1 86 1 92 8 43 0. 1 9572 1 68 0.29358252 
284 1 5  1 640 0.204 0.2372384 03 89070976 0.583606464 
304 1 0  1 660 0 . 1 84 03209696 8 4  0.532809536 0.799 2 1 430� 
329.5 2 1 620 0078 0.6803 1 6  I 1 02 1 1 1 92 1 .6531 6788 
353.5 2 1 640 0.202 1 .76 1 84-1 8.35 2 .889424 1 6  4.334 1 3624 
376.5 2 1 660 0.525 4 .57905 7.60 1 223 1 1 .401 8345 
400.5 1 1 690 0.501 8 .739444 8 1 3  1 4 .76966036 22. 1 544905-1 
424 .5 I 1 580 1 . 1 49 20.043 1 56 7 8 1 3 1 .668 I 8648 HS0227972 
448.5 0 25 1 630 0 39 27.2 1 264 7 65 44.3566032 66.53H048 
472.5 0 25 1 590 0 .45 3 1 .3992 49.924728 7-1.887092 
496.5 0 1 25 1 660 0.2 5 1  35 027552 58 . 1 4573632 87.2 1 8604-18 
520.5 o 1 25 1 600 0.297 4 1 .446944 7 .33  66.3 1 5 1 1 04 99,4726656 
I 569 o 1 25 1 620 0.386 53 .867072 8 2 1  87.26465664 1 30.896985 
NS-PV 4 (300 ppm NH], 4 g bacterial s lurry=O. l 77 g dry b iomass, bubble column BCl  )( 1 0% PV A) 
Time m l  o f  sample Sol ution volume A bsorbance Ni trite-N conte n t  p H  m g  Ni trite ppm sta n da rd 
(H r) taken at sa mple laking  (ppm) basis 
6 8  40 1 560 0.037 0.0 1 6 1 357 8 .46 0.025 1 7 1 692 0.037757538 
94 40 1 620 0.044 0.0 1 9 1 884 0.03 1 085208 0.0466278 1 2  
J I 9 40 1 640 0.06 0.026 1 66 0.0429 1 224 0.06436836 
1 60 40 1 655 0.2 1 0.09 1 5 8 1  8 .55  0. 1 5 1 566555 0.227349833 
1 84 40 1 625 0.636 0.2773596 0.45070935 0.676064025 
208 9 1 635  0 .49 1  0.95 1 667 1 1 1  8 1 5  1 555975727 2.33396359 
233 I 1 620 0.242 4 .22 1 448 6 .83874576 1 0.258 1 1 86-l 
2 56 0.5 1 635  0.502 1 7.5 1 3776 7.6 28 .63502376 42.95253564 
284 0.4 1 620 0.99 1 43 .2 1 75 1  70.0 1 23662 1 05.0 .1 85493 
304 0.25 1 640 0.768 53 .587968 6.87 87.88426752 1 3  1 .82640 1 J  
329.5 0. 1 66 1 630 0.566 59.239824 96.5609 1 3  1 2  1 44.84 IJ697 
353.5 o 1 25 1 645 0 .453 63 . 2 1 7056 6.5 I 1 03 .992057 1 1 55.9880857 
376.5 0 1 25 1 700 0.5 1 6  72.008832 1 22 .4 1 50 1 44 1 83.62252 1 6  
400.5 0. 1 25 1 700 0.4 55 .8208 6.35 94.89536 1 42.34304 
424.5 0. 1 25 1 640 0.53 1 74. 1 02 1 1 2  6.23 1 2 1 .5274637 1 82.29 1 1 955 
448.5 0. 1 25 1 660 0.7 1 9  1 00.337888 8.78 1 66.560894 1 249.84 1 34 1 1  
472.5 0. 1 25 1 680 0.765 1 06.75728 1 79.3522304 269.0283456 
496.5 0. 1 25 1 690 0.808 1 12.7580 1 6  1 90.56 1 047 285.84 1 5706 
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520.5 o 1 25 1 680 1 1 8 .6 1 92 1 99 280256 
569 0 1 25 1 690 1 22 9.t53 1 2  207 7775773 
- PVS (300 ppm NI l "  4 g bacterial s lurry=O . l 77 g dry b iomass, bubble column Be I )( 1 5% PYA) 
r i m e  1111 of \ample Sol u t ion  " ol u me A bsorba nce  N i t ri le-N c o n t e n t  p H  ppm sta n d a rd ( I I r) ta ke n a t  ,ample lak ing (ppm) mg Ni trile ba sis 
68 �O 1 570 0 06 0 026 1 66 8 46 o O� 1 08062 0.06 I 62093 
9.t 40 1 630 0 066 0 0287826 0 0469 1 563 8 0.070373457 
1 1 9 40 I MO o 1 02 0 0444822 0 072950808 O. I 094262 1 2  
1 60 40 1680 0. 1 25 0.0545 125  855 0 .09 1 5 8 1  0. 1 3737 1 5  
1 8.t  40 1 6.\0 0. 1 52 0,0662872 0 1 08 7 1 1 008 0. 1 630665 1 2  
208 40 1 620 o 1 8  0.078498 8 .54 0. 1 2 7 1 6676 0 . 1 90750 1 4  
233 40 1 640 0.2 8 1  0. 1 22544 1 0.200972324 0.30 1 458.\86 
256 25 1 6.\0 0327 0.228 1 6752 8 .5 1 0,374 1 94733 0.56 1292099 
28.\ 1 5  1 640 0.44 1 0.5 1 28536 0 84 1 079904 1 .26 1 6 1 9856 
30.\ 1 0  1 6.t0 0.502 0.8756888 8 .5  1 .436 1 29632 2 . 1 54 1 9,\4.\8 
329.5 2 1 630 0,2 1 9  1 .9 1 0 1 1 8  3 1 1 349234 4.67023851  
353.5 2 1 630 0,5 1 9  4.5267 1 8  8 .44 7.37855034 1 1 .0678255 1 
I 376.5 2 1 675 1 . 1 27 9.829694 1 6 .46473745 24.697 1 06 1 8  
I .\00.5 1 1 680 1 .092 1 9.048848 8 ,04 32 .00206464 48.00309696 
,\24.5 0.25 1 600 0.67 46 74992 7,0 1 74.799872 1 1 2. 1 99808 
448.5 0 1 66 1 6.\0 0.686 7208785542 7,62 1 1 8 .2240829 1 77.3361 243 
472.5 0 1 25 1680 0.6 1 7  86. 1 03 584 1 44,65402 1 1  2 1 6 .98 1 03 1 7  
496.5 o 1 25 1 630 0 667 93.08 1 1 84 1 5 1 ,7223299 227.5834949 
520.5 0. 1 25 1 630 0,7 1 2  99.36 1 024 6,73 1 6 1 .958469 1 242.9377037 
569 0. 1 25 1 670 0 9 1 8  1 28. 1 08736 737 2 1 3 .94 1 589 1 320.91 23837 
- ,-
NS-PV6 (300 ppm NH3, 4 g bacterial s !urry=O . l 77 g dry biomass, bubb le  column B C l )(20% PYA) 
Ti m e  m l o f sa mple Solution volume A bsorbance Ni tri te-N c o n tent  pH mg Nitrite ppm sta ndard (Hr) ta ken a t  sa mple taking (ppm) basis 
68 40 1 570 0.074 0.03227 1 4  8.46 0,050666098 0.075999 1 47 
94 40 1 640 0.062 0.0270382 0.044342648 0.0665 1 3972 
1 1 9 40 1 680 0.087 0.0379407 0.063740376 0.0956 1 0564 
1 60 40 1 670 0.095 0.04 1 4295 8.57 0.069 1 87265 0.1 03780898 
1 84 40 1 655 0,094 0,0409934 0,067844077 0. 1 0 1 766 1 1 6  
208 40 1 640 0 . 1 07 0.0466627 8,57 0,076526828 0. 1 1 4790242 
233 40 1 620 0. 1 54 0.067 1 594 0 . 1 08798228 0. 1 63 1 97342 
256 25 1 630 0. 1 66 0 . 1  1 5828 1 6  8 .56 0 . 1 8879990 1 0.283 1 9985 1 
284 1 5  1 630 0. 1 7  0. 1 97698667 0.322248827 0,48337324 
304 1 0  1 630 0. 1 1 6 0.2023 504 8 .53 0.32983 1 1 52 0,494746728 
329.5 2 1 630 0.027 0.235494 0.38385522 0.57578283 
353.5 2 1 660 0.Q28 0.2442 1 6  0.40539856 0.60809784 I 
i 376.5 2 1 685 0.03 0.26 1 66 0,440897 1 0.66 1 34565 
400.5 2 1 680 0.025 0.2 1 805 8 . 5  0,366324 0.549486 
424.5 2 1 550 0.037 0.3227 1 4  8 .44 0.5002067 0.7503 ] 005 
448.5 2 1 600 0.047 0.409934 8.44 0.6558944 0.98384 1 6  
472.5 2 1 6 1 0  0.074 0.645428 1 .039 1 3908 1 .55870862 
- - ----
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496.5 2 1 620 o 1 28 1. 1 1 64 1 6  I 80859392 2.7 1 189088 
520.5 2 1 6 1 5  0 24 2 09328 8 42 3 3806472 5.0�09"08 
569 I 1 600 o n l 1 3 623764 8 27 2 1  ,980224 32.69"10336 
591 0 5  1 670 0 </4, 33 038936 55 1 7.5023 1 2  82."6253468 
6 1 6  0. 1 1 62(1 0 3 25 56 693 6 9 1 9 1  84266 1 3�.  �6399 
6SS 0. 1 1 700 0 4 1  7 1 . 5204 " 6  1 2 1  58468 1 82.3r02 " 1 1- 0. 1 1 600 o S I S  90 35992 7 'i8 1 44.575872 2 1 6.863808 
�4() 0 1  1 520 U 548 Q5 593 1 2  1 45 30 1 5424 2 1 7.9523 1 36 
762  0 1  1 470 0 586 1 02 22 1 84 7 5" 1 50 266 1 048 2 25.399 1 5 -2 
.3.5.  I m mobi lized cells n it rify ing bacteria L oad shock (PV A) 
PV-S L I  ( 1 00 ppm NH3• 2 g bacterial s lurry=O 088 g dry biomass, BC3 ) ( Load shock) ( PYA 1 0%) 
Time m l o f s3 1ll ple Sol. \'01. at A bsorbance Ni lr i te-N con lent  mg Nitrite ppm sta n dard ( H r) t a ken sample taking (ppm) 
pH 
basis 
1 4  1 0  800 I 1 74 2.0479256 8 .27 1 .63834 1 .2287554 
38 I 800 0 345 6.0 1 8 1 8  8 1 6  4 .8 1 454 3.6 1 0908 
6 2  I 800 0 65 I I  3386 7 97 9.07088 6.803 1 6  
7 5  I 8 10 0 866 1 5  1 06504 7 85 1 2 2363 9. 1 7720 1 2  
89.5 0 5  8 1 5  0 632 22 0492 1 6  7 5 1  1 7 970 1 1 3.477583 
1 1 0 0 5  790 0.803 28 0 1 5064 6 73 22 1 3 1 9  1 6.598925 
1 2 1 .5 0.5 800 0.949 31 1 087 1 2  8 72 26.487 1 9.865227 
1 34 0 2  8 1 0  0.638 55.64636 8 54 45 .0736 33.805 1 64 
1 62 0 2  790 I 1 88 1 03 .6 1 736 6 72 8 1  8577 6 1 .393286 
1 84 0 . 1 8 1 0 0 862 1 5036728 6 I 1 2 1 797 9 1 .348 1 23 
208 0 1  8 1 0 I 1 56 20 1  65264 5.72 1 63 339 1 22.50398 
PV -SL2 ( 1 00 ppm NH3, 2 g bacterial s lurry=0 .088 g dry biomass, BC3) ( Load shock) ( PYA 1 5%) 
Time m l  o f  sa mple Sol.  \'01. at  A bsorbance Nitrite-N contenl pH m g  Nitr i le  ppm sta ndard ( l I r) taken sam ple taki n g  (ppm) basis 
J 4  1 0  800 0.8 1 5  1 42 1 686 839  I 1 3735 0.8530 1 1 6  
38  I 800 0. 1 04 1 8 1 4 1 76 833  1 45 1 34 1 .0885056 
6 2  I 800 0 1 47 2.564268 8 .27 2.05 1 4 1 1 .5385608 
75 I 800 0 1 75 3 0527 8 27 2.442 1 6  1 .83 162  
89.5 0.5 8 1 5  0 1 2 4 1 8656 8 23 3 4 1 205 2.5590348 
1 1 0 0 5  8 10 0 1 73 6.035624 8 1 7 4 88886 3.66664 1 6  
1 2 1 .5 0 5  800 0.2 1 6  7 535808 8.8 6 02865 4.52 1 4848 
1 3 4  0 5  8 1 5  0 29 1 0. 1 1 752 8 76 8.24578 6. 1 84334 1 
1 62 0 5  8 1 0 0 722 25 1 89 1 36 8 .58 20 4032 1 5.3024 
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1 8� o s  780 1 292 45.075296 8 1 7  3 5  1 587 
20S 0 2  8 1 0 0 73 1  63 75782 7.62 5 1  6438  
PV-SL3 ( 1 00 ppm NH1•  2 g bacterial s lurry=0.088 g dry biomass, Be3) ( Load shock) ( PVA 200 0)  
T i m e  ml or ,a mple .... 01. \ oJ.  a l  \ h�orb;Jncc  " " rite-" content  ppm qa ntl a rtl ( 1 1 r ) t <l ken 'Mn p l e  t ,l kl n )!  (ppm) p J l  Ill!.: " "rite ba.,,, 
1 4  I U  800 0 969 1 6903236 8 34 I 35226 1 .0 1 4 1 942 
38 I 800 0 27 1  4.727324 8 26 3 78 1 86 1.8363944 
62 I 800 0 678 I I 827032 8 OJ 9 46 1 6J 7.0962 1 92 
75 I 820 0 937  1 6 345028 7 85 1 34029 1 0.052 1 92 
89.5 0 5  8 1 0 0 7  24 42 1 6 736 1 9 78 1 5  1 4.836 1 22 
1 1 0 0 .5  820 0 835 29. 1 3 1 48 6 63 23 8878 1 7.9 1 586 
1 2 1 .5 0.5 830 0 88 1  30 736328 8 73 25 .5 1 1 2 1 9. 1 33364 
1 34 0.2 800 0 5 1 8  45 .  1 7996 8 6  36. 1 44 27. 1 07976 
1 62 0.2 800 0 95 82.859 7 9  66 2872 49.7 1 54 
1 84 0 2  800 1 265 1 1 03333 6 29 88 2666 66. 1 9998 
208 0 1  8 1 0  0 8 1 3 1 4  I 8 I 972 5.92 1 1 4 874 86. 1 5S�8 -
PV -SL4 (300 ppm N H), 2 g bacterial s lurry=0 .088 g dl) biomass, Be3) ( Load shock) ( PVA 1 0%) 
T i m e  m l or sa m ple Sol.  \'01. at Absorbance Nitrite-N content  pl l  mg Nitr i t e  ppm standard (Ur)  t a ken sample taking (ppm) basis 
1 4  1 0  800 1 264 2 20492 1 6  8.73 I 76394 1 .322953 
38 I 800 0 385 6 .7 1 594 8 4 5 5 37275 4.029564 
6 2  I 800 I I 1 9  1 884 8 4 1 1 5 3507 1 1 .5 1 304 
75 I 800 I 865 32.53306 8 1 6 26 0264 1 9.5 1 9836 
89.5 0.5 820 1 604 55.960352 6 78 45 8875 34.4 1 56 1 6  
1 1 0 0 2  8 1 0 0 87 1  75 96862 6.35 6 I 5346 46. 1 50937 
1 2 1 .5 OJ 830 2326 8 I 1 49488 833  67.354 I 50.5 1 5556 
1 34 0 1  820 0.839 1 46 355 1 6  6 72 1 20 0 1  I 90.008423 
1 62 0. 1 8 \ 0  I 1 1 6 1 94 67504 6 1 2 1 57.687 1 1 8.26509 
1 8� 0. 1 780 1 339 233 575 1 6  5 96 1 82 1 89 1 36.64 1 47 
208 0.05 8 1 0  0 725 252 938 5 78 204 88 1 53.65984 
PV -SLS (300 ppm N H3, 2 g bacterial s lurry=0 .088 g dry biomass, Be3)  (Load shoc k) ( PVA 1 5%) 
Time 
( O r) 
011 or sample 
t a ken 
01. Vol. at 
a m ple taking 
A bsorbance 
1 78 
i trite-N content  
(ppm) pH mg Nitri te 
ppm standard 
basi 
Chapter 8' Appendices 
1 4  1 0  800 1 295 2.258998 8 65 1 8072 1 .3553988 
38 1 800 0 1 35 235494 8 57 I 88395 I A 1 296� 
62 1 800 o 1 46 2 5�6824 8 4 8 2 03746 1 .52809·t.j 
75 1 8 1 0  0 1 45 2 52938 8 4 8 2 .04 88 1 .536598.1 
89.5 0 5  8 1 0 0.079 2.756 1 52 8 42 2 23248 1 .67-13623 
1 1 0 0.5 790 0 087 3 .035256 835 2 39785 1 .7983892 
1 2 1 .5 0.5 820 0 097 3 3 84 1 36 8 7 1 2 77499 2.081 2.136 
1 34 0.5 800 0. 1 09 3 802792 8 6 1 3 .04223 2.281 6752 
1 62 0 5  8 1 5  0. 1 74 6 0705 1 2  8 5 1 � 94747 3.7 1 06005 
1 84 0.5 790 0 296 1 0 326848 8 29 8 1 582 1 6. 1  1 8657� 
208 0.2 8 1 0 o 1 86 1 6 22292 7 95 1 3 . 1 406 9.8554239 
8.3.6.  I m m o bi l ized cells n itr ifying bacteria p H  shock ( PV A) 
PV - P H I ( 1 00 ppm N H3, 2 g bacterial s lurry=0 .088 g dry biomass, BC3) ( p H  shock) (pYA 1 0 % )  
Time m l o f sa m ple  Sol .  Vol .  a t  A bsorba nce Nitri te-N conten t ppm s tandard ( H r) taken sa mple taking ( ppm) pH mg N i tr i te basis 
J.4 1 0  800 1 .207 2. 1 054908 8.3 1 1 .68439 1 .2632945 
38 1 800 0327 5.704 1 88 8. 1 8  4 .56335 3.4225 1 28 
62 I 800 0 707 1 2 332908 7.96 9.86633 7.3997448 
75 1 8 1 0 0.978 1 7.060232 7.78 1 3 . 8 1 88 1 0.36409 1 
89.5 0.5 8 1 5  0.7 1 5  24.94492 7.26 20.330 1 1 5.247582 
1 1 0 0.5 8 1 0  0.839 29.27 1 032 6.53 23.7095 1 7.782 1 52 
1 2 1 .5 0.5 770 0.878 30.63 1 664 6. 1 2  23.5864 1 7.689786 
1 3.1 0 2  820 0 .43 37.5046 6.57 30.7538 23.065329 
1 62 0 2  820 0.454 39.59788 6.3 32 .4703 24.352696 
1 84 0.2 790 0 .493 42.99946 6. 1 5  33 .9696 25.477 1 8  
208 0.2 8 1 0 0.5 1 2  44 M664 6.02 36. 1 7 1 9  27. 1 28909 
--
PV- P H 2  ( 1 00 ppm N H3, 2 g bacterial s lurrr=O.088 g dry biomass, BC3 )  ( p H  shock) ( PYA 1 5%) 
Time m l of sample Sol.  Vol.  at Absorbance Nitri te-N content pH mg Nitrite ppm sta ndard (Rr) taken sample  taki n g  (ppm) basis 
1 4  1 0  800 0.80 1 1 .3972644 8 3 1  1 . 1 1 78 1 0.8383586 
38 1 800 0. 1 1 2 1 .953728 8.26 1 .56298 1 . 1 722368 
62  1 800 0. 1 69 2.948036 8 . 1 9  2.3 5843 1 .76882 1 6  
75 1 800 0.223 3.8900 1 2  8 . 1 9  3 . 1 1 20 1 2.3340072 
89.S 0.5 800 0. 1 67 5 .826296 8 . 1 4  4.66 1 04 3.4957776 
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1 0  I 0 5  800 0 25 8 ,722 8 6.9776 5.2332 
1 2 1 .5 I 0 5  770 0 29 1 0 1 1 752 6.7 1  7 790-19 S.8·U8678 
1 34 I 0.5 8 1 0  0 302 1 0 536 1 76 7 4  8 53-13 6.4007269 
1 62 I 0 5  790 0 -139 1 5 .3 1 5832 6 96 1 2 .0995 9.0"46305 
1 84 I 0 5  I 8 1 0  0.56 1 9 53728 6 5 5 1 5 8252 1 1 .868898 
2U8 0 2  I 8 1 0  0 278 24 247 1 6  6.23 1 9 6402 [ -1 .730 1 5 
P V- P H 3  ( t OO ppm N H3, 2 g bacterial s lurry=0,088 g dry b iomass, Be3) (pH shock) (PVA 20%) 
f i m e  ( I I r) ml of sample Sol .  Yol.  a t  sa m ple A bsorba nce Ni trite-N content  p I !  mg N i t rite ppm standard 
taken taki n g  (ppm) basis 
1 4 1 0  800 1 .034 1 .8037096 8 33 I 44297 1 .082226 
38 I 800 027 4 70988 8 23 3.7679 2.825928 
62 I 800 0.669 1 1 .670036 8 .0 1  9 3 3603 7,002022 
75 I 820 0 938 1 6.362472 7.84 1 3 .4 1 72 1 0.06292 
89.5 0.5 8 1 0  0 678 23 654064 7.36 19 1 598 1 4.36984 
l I 0 0 5  820 0.8 1 28 .25928 6.7 23. 1 726 1 7.37946 
1 2 1 .5 0 5  770 0.846 29.5 1 5248 6. 1 2  22.7267 1 7.04506 I 
1 34 0 2  8 1 0  0.4 1 2  35.93464 6.84 29. 1 07 1  2 1 .83029 
1 62 0.2 785 0 477 4 1 .60394 6 44 32.659 I 24.49432 
1 8-1 0 2  8 1 0 0.542 47 27324 63 1 38 29 1 3  28.71 849 
208 0.2 8 1 0  0.63 1 55 03582 6. 1 8  44.579 33.43426 
P V- P H 4  (300 ppm N H3, 2 g bacterial s lurry=0 .088 g dry biomass, Be3) ( p H  shock) ( PY A  1 0%) 
Time m l o f sa m ple Sol. Vol. at A bsorbance Ni tri te-N content  pH mg Nitri te ppm sta ndard basis ( R r) t a ke n  sample ta king (ppm) 
1 4  1 0  800 1 3 53 2 .360 1 732 8,66 1 .888 1 4  1 .4 1 6 1 039 
38 I 800 0.366 6.384504 8.62 5 . 1 076 3.830702-1 
62 I 800 0 8 1 5 1 4 . 2 1 686 8.28 1 1 .3735 8.530 1 1 6  
75 1 800 1 259 2 1 .96 1 996 8. 1 6  1 7.5696 1 3. 1 77 1 98 
89.5 0.5 800 1 038  36.2 1 3744 7.9 28.97 1 2 1 .728246 
1 1 0  0.2 8 1 5  0.675 58.8735 6. 1 4  47,98 1 9  35.986427 
1 2 1 .5 0.2 750 0.685 59.7457 6.09 44,8093 33.606956 
1 34 0. 1 800 0.406 70.82264 6.69 56.658 1 42.493584 
1 62 0. 1 800 0.5 1 2  89.3 1 328 6.04 7 1 .4506 53.587968 
1 84 0. 1 800 0.747 1 30.30668 6.07 1 04 .245 78.1 84008 
208 0. 1 8 1 0  0.9 1 2  1 59.08928 5.86 1 2 8.862 96.646738 
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P V- P H 5  ( ,00 ppm N i l),  2 g bacteria l  s lurry=0.088 g dry biomass, BC3 ) (pH  s h oc k) ( P V A  1 5 % ) 
T i m e  1111 of "I mple "'01 .  \ 01. at  
\ b,orbanre \, I t ri te-\, ron l e n t  ( I I  r )  Ia h e n  sample  t a ki n g  ( ppm) p l l  m g  \' I l ri le  ppm 'Ia ndard ba ", 
1 4  1 0  800 I 1 9 1  2 077580 .. 8.66 1 .66206 1 ,2465482 
3R I 800 0 1 .1 2 26772 8 56 I 8 1  .. 1 8  1 ,360632 
62  I 800 o 1 45 2 5 29)8 8 48 2 02 3 5  1 .5 1  �628 
75 I 8 1 0  o 1 2 5 2 1 805 8 .. 5 1 �662 1 1 .J146538 
89.5 0 5  8 1 0 0.092 3 209696 8 42 2 59985 1 ,9498903 
1 1 0 0 5  790 0 1 1 3 83768 8 3 8 3 03 1 77 2.2738254 
1 2 1 .5 0 5  780 0 1 2 1  .. 22 1 448 7 08 3 29273 2.469547 1 
1 34 0 5  820 0. 1 3 5 4 70988 8 02 3 862 1 2.8965762 
1 62 0.5 8 1 0 0.26 1 9 1 05768 7 97 73 7567 5.53 1 754 1 
1 84 0 5  790 0 .  8 1 6.74624 7 .54 1 3 2295 9.922 1 472 
208 0 5  8 1 0 0 6 82 2 3 7936 1 6  7 3 6 1 9 2728 1 4.45 .. 622 
1 8 1  
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